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Abstract 


U'e  performed  optical  studies  of  organic  dye  doped  glasses  and  rare  eanh  ion 
doped  glasses  W  e  doped  se\eral  organic  dyes  in  boric  acid,  sucrose  and  poKcarbonate 
hosts  and  detected  phase  conjugate  signals  from  all  these  samples  Sucrose  sa?nples  are 
livgroscopic  and  hence  are  useful  for  characterizing  dyes  onlv  Boric  acid  samples  were 
damaged  e\  en  at  moderate  laser  powers  On  tlie  other  hand  polycarbonate  samples  could 
withstand  high  input  powers  and  hence  will  be  useful  in  device  applications  Styry!  7 
doped  boric  acid  sample  exhibited  several  interesting  nonlinear  optical  phenomena  and 
was  also  found  to  be  useful  for  long-term/permanent  information  storage  due  to 
photochemical  effects  undergone  bv  the  excited  molecules  PC  signals  in  Pyridine  1  dye 
doped  samples  exhibited  oscillations  (period  'hour)  which  was  found  to  be  due  to 
thermal  effects/large  Stokes  shift  in  the  emission,  DCM  and  RllO  doped  boric  acid 
samples  are  found  to  be  chemically  stable  even  after  three  years.  W'e  measured  third 
order  susceptibilities  of  DCF,  DCM.  RllO,  .AY  and  R6G  doped  samples.  W'e 

experimentally  demonstrated  that  excited  state  absorption  alters  the 

transmission/saturation  characteristics  of  the  dyes  in  condensed  media.  These  results 
have  been  published  in  three  journal  papers. 

We  made  different  glasses  like  Sulfates,  borates,  silicates,  borosilicales  and 
multicomponent  oxide  glasses  uoped  with  rare  earth  ions.  Sulfate  glasses  were 

hygroscopic,  binary  and  ternary  borate  glasses  tried  by  us  were  found  to  be  brittle  and 

silicate  glasses  required  very  high  temperatures.  We  investigated  borosilicates  and 
multicomponent  oxide  glasses  doped  with  Nd^'''  and  Er-^"^  ions.  In  borosilicate  host,  we 
detected  very  weak  violet  emission  from  the  L  levels  of  Nd-’"^  in  the  region  380-460  nm 
at  liquid  nitrogen  temperature,  when  its  E  levels  were  resonantly  excited  with  514,5  nm. 
In  Er^"^  doped  borosilicate  we  detected  very  weak  green  emission  from  the  E  levels,  at 
room  temperature,  when  its  B  levels  were  resonantly  excited  with  -797  nm  However  in 
a  multicomponent  oxide  glass  doped  with  Er-’’^  we  detected  intense  green  emission  at 
room  temperature  from  the  E  le\  e!,'.  of  Er^’*'  when  its  B  levels  were  excited  with  a  near 
infrared  laser  beam.  When  the  D  state  (or  phonon  coupled  levels  of  B  state)  of  Ho-’'^  in 
LaF-^  were  resonantly  excited  with  636  nm  (or  800  nm)  we  detected  green  and  blue 
upconverted  emission  from  the  I  ’  ( 'S2)  and  F(-^FD  le\el.s  at  546  and  485  nm  and  at  416 
nm  from  the  J(-^Gs)  levels  W  hen  the  LaF3  Pr-’"  was  irradiated  with  805  nm  we 
detected  very  strong  green  eini>>u'n  .it  ^40  nm  and  broad  emission  at  491  and  521  nm 
When  either  the  D  or  S  levels  of  Nd  ’ '  were  resonantly  excited  with  a  580  nm  or  800 
nm.  we  detected  upconverted  \iolet  emission  from  the  L  levels  in  CaFo.  SrF2.  BaF2  and 
LaF^  .Some  of  the  results  are  m  tlie  process  of  communication  and  work  is  in  progress 
on  sc'me  systems  We  are  expecting  at  least  four  journal  pares  from  our  work  on  rare 
earth  materials. 
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2.  Objective 


The  goal  of  the  work  is  to  synthesize  glass  materials  with  known 
organic  and  inorganic  impurities  and  to  analyze  them  for  nonlinear  optical 
behavior  and  energy  upconversion. 

3.  Abstract 

We  performed  optical  studies  of  organic  dye  doped  glasses  and  rare 
earth  ion  doped  glasses.  We  doped  several  organic  dyes  in  boric  acid, 
sucrose  and  polycarbonate  hosts  and  detected  phase  conjugate  signals  from 
all  these  samples.  Sucrose  samples  are  hygroscopic  and  hence  are  useful  for 
characterizing  dyes  only.  Boric  acid  samples  were  damaged  even  at 
moderate  laser  powers.  On  the  other  hand  polycarbonate  samples  could 
withstand  high  input  powers  and  hence  will  be  useful  in  device  applications. 
Styryl  7  doped  boric  acid  sample  exhibited  several  interesting  nonlinear 
optical  phenomena  and  was  also  found  to  be  useful  for  long¬ 
term/permanent  information  storage  due  to  photochemical  effects 
undergone  by  the  excited  molecules.  PC  signals  in  Pyridine  1  dye  doped 
samples  exhibited  oscillations  (period  -hour)  which  was  found  to  be  due  to 
thermal  effects/large  Stokes  shift  in  the  emission.  DCM  and  RllO  doped 
boric  acid  samples  are  found  to  be  chemically  stable  even  after  three  years, 
j  We  measured  third  order  susceptibilities  of  DCF,  DCM,  RllO,  AY  and  R6G 
doped  samples.  We  experimentally  demonstrated  that  excited  state 
absorption  alters  the  transmission/saturation  characteristics  of  the  dyes  in 
condensed  media.  These  results  have  been  published  in  three  journal 
papers. 

We  made  different  glasses  like  Sulfates,  borates,  silicates, 
borosilicates  and  multicomponent  oxide  glasses  doped  with  rare  earth  ions. 
Sulfate  glasses  were  hygroscopic,  binary  and  ternary  borate  glasses  tried  by 
us  were  found  to  be  brittle  and  silicate  glasses  required  very  high 
temperatures.  We  investigated  borosilicates  and  multicomponent  oxide 
glasses  doped  with  Nd^^  and  Er^^  ions.  In  borosilicate  host,  we  detected 
very  weak  violet  emission  from  the  L  levels  of  Nd^^  in  the  region  380-460 
nm  at  liquid  nitrogen  temperature,  when  its  E  levels  were  resonantly  excited 
with  514.5  nm.  In  Er^^  doped  borosilicate  we  detected  very  weak  green 
emission  from  the  E  levels,  at  room  temperature,  when  its  B  levels  were 
resonantly  excited  with  -797  nm.  However  in  a  multicomponent  oxide 


2 


glass  doped  with  we  detected  intense  green  emission  at  room 
temperature  from  the  E  levels  of  Er^^  when  its  B  levels  were  excited  with  a 
near  infrared  laser  beam.  When  the  D  state  (or  phonon  coupled  levels  of  B 
state)  of  Ho^"-  in  LaF3  were  resonantly  excited  with  636  nm  (or  800  nm)  we 
detected  green  and  blue  upconverted  emission  from  the  E  (^S^)  and  F(=F3) 
levels  at  546  and  485  nm  and  at  416  nm  from  the  1(^65)  levels.  When  the 
LaF3:Pr^+  was  irradiated  with  805  nm  we  detected  very  strong  green 
emission  at  540  nm  and  broad  emission  at  491  and  521  nm.  When  either 
the  D  or  S  levels  of  Nd^^  were  resonantly  excited  with  a  580  nm  or  800  nm, 
we  detected  upconverted  violet  emission  from  the  L  levels  in  CaF^,  SrF., 
BaFj  and  LaF3.  Some  of  the  results  are  in  the  process  of  communication 
and  work  is  in  progress  on  some  systems.  We  are  expecting  at  least  four 
journal  pares  from  our  work  on  rare  earth  materials. 

4.  Introduction  to  Rare  Earth  Spectra 

Rare  earth  ions  doped  in  solids  are  useful  in  the  laser  development 
and  hence  have  been  investigated  thoroughly.  In  addition  these  materials 
are  useful  to  upconvert  energy.  That  is,  when  the  materials  are  exposed  to 
low  energy  radiation  (infrared)  they  emit  high  energy  radiation  (visible). 
Rare  earth  ionic  spectrum  is  the  result  of  electronic  transitions  within  the  fr 
electronic  configuration'.  These  are  forbidden  transitions  but  weakly 
j  allowed  due  to  crystal  field  mixing  of  the  wave  functions  of  41"  with  those 
of  41"-' 5d  at  noncentrosymmetric  sites.  The  oscillator  strengths  of  the 
radiative  transitions  are  ~10-6  and  the  energy  levels  have  long  lifetimes  and 
hence  the  spectral  lines  are  sharp.  Excited  ions  relax  radiatively  and 
nonradiatively2’3.  The  nonradiative  relaxation  is  of  two  types  (1)  multi¬ 
phonon  relaxation  and  (2)  ion-ion  interaction.  The  former  depends  on  the 
energy  gap  between  the  energy  levels  and  the  cut-off  phonon  frequency  of 
the  host  lattice^.  The  latter  depends  on  the  inter  ionic  separation  and  the 
nature  of  coupling  between  the  ions'*.  The  nonradiative  relaxation  limits  the 
quantum  efficiency  of  the  energy  levels.  Because  of  the  dense  energy  level 
structure  (Fig.  1)  of  the  rare  earth  ions  sometimes  a  laser  that  is  resonant 
from  the  ground  state  is  also  resonant  from  the  excited  state.  Hence  it  is 
possible  to  upconvert  energy  through  excited  state  absorption^.  Also,  two 
excited  ions  may  undergo  energy  transfer  interaction  to  produce 
upconverted  energy^.  The  upconverted  levels  are  also  subjected  to 
nonradiative  relaxation  as  explained  above  which  limits  the  upconversion 
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Ffg.i  Energy  Level  Diagrams  for  Ln^'^’rLaCl  3 . 
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efficiency.  Our  aim  is  to  make  glasses  doped  with  rare  earth  ions  and 
pursue  efficient  upconversion  phenomena  in  them. 

5.  Preparation  of  Inorganic  Glasses 

We  tried  to  make  different  types  of  glasses  like  sulfates,  borates, 
silicates,  borosilicates  and  multicomponent  oxide  glasses.  Each  glass  has 
certain  advantages  and  disadvantages. 

(a)  Sodium  borosilicate  glass  preparation 

Because  the  binary  silicate  glasses  were  highly  viscous,  we  resorted 
to  making  borosilicate  glasses.  For  this  purpose  we  chose  a  ternary 
component  glass;  Sodium  borosilicate  glass.  We  have  thoroughly  mixed 
appropriate  quantities  of  NajCOj,  SiO;,  and  H3BO3  and  then  poured  into  an 
aluminum  crucible  and  heated  in  a  box  fiimace  at  800  °C  for  two  hours  and 
then  at  1350  °C  for  another  two  hours  in  ambient  atmospheric  conditions. 
At  such  a  high  temperature  these  chemicals  were  known  to  oxidize.  The 
melt  was  then  poured  into  an  aluminum  mold  and  then  allowed  to  cool 
naturally.  Based  on  the  amounts  chosen,  the  glass  is  expected  to  have  the 
following  composition;  Na^O  (13.6  mol%),  SiO,  (24  mol%)  and  B2O3  (62.4 
mol%).  However,  when  these  samples  were  examined  using  a  scanning 
electron  microscope/energy  dispersive  X-ray  analysis,  its  spectrum  revealed 
a  peak  corresponding  to  aluminum  which  could  have  come  from  the 
crucible.  The  resulting  glasses  are  extremely  hard  and  highly  transparent 
from  violet  to  the  infrared  regions.  A  60°  angle  prism  was  also  made  with 
the  same  glass  composition  and  then  it  was  used  to  measure  the  refractive 
index  using  the  angle  of  minimum  deviation  technique.  It's  refractive  index 
is  estimated  as  1.49±0.01  and  is  found  to  be  constant  in  the  whole  visible 
wavelength  region.  To  obtain  rare  earth  ion  doped  glasses  appropriate 
quantity  of  rare  earth  compound  was  added  to  starting  chemicals  before  they 
were  mixed. 

(b)  Preparation  of  a  multicomponent  Oxide  glass 

Multicomponent  oxide  glasses  are  prepared  to  improve  the  efficiency 
of  energy  upconversion.  With  the  following  composition  we  were  able  to 
make  a  glass  that  was  efficient  in  upconverting  excitation  energy  from  near 


infra. -=>d  region  to  the  visible  region^  La^Oj  (2.3  mol%),  PbO  (13.7  mol%), 
TeO.  (28.7  mol%),  MgTi03  (6.3  mol%),  SiO,  (25.3  mol%),  BA  (21.9 
mol%),  and  BajY^WOg  (1.5  mol%).  Appropriate  amount  of  rare  earth 
compound  was  added  to  the  starting  batch  of  chemicals  to  obtain  rare  earth 
ion  doped  glasses.  The  respective  chemicals  were  measured,  mixed 
thoroughly  and  then  poured  into  an  aluminum  crucible  and  heated  at  800°C 
for  two  hours  and  at  1200  for  another  two  hours  before  pouring  it  out 
into  a  mold.  The  amount  of  the  rare  earth  compound  added  was  such  that 
the  concentration  of  the  rare  earth  ion  is  ~10''^  to  10'*  /cm^.  The  glass  thus 
obtained  is  strong  and  then  polished  on  all  sides  using  three  different  grades 
of  polishing  powders  as  explained  under  glass  polishing  techniques. 

(c)  Preparation  of  a  borate  glass 

A  simple  sodium  borate  glass  was  obtained  by  mixing  sodium 
carbonate  (1  gram)  and  boric  acid  (2  grams)  and  melting  it  at  700  C  for  two 
hours  and  then  cooling  the  melt  to  room  temperature.  But  it  was  found  to 
be  brittle.  Similarly,  a  ternary  borate  glass  was  also  prepared  by  mixing 
equal  amounts  of  sodium  carbonate,  lead  oxide,  and  boric  acid  and  then 
heating  the  mixture  at  700  C  for  an  hour.  The  resulting  glass  was  pale 
yellow  in  color. 

I  (c)  Preparation  of  a  Sulfate  glass 

About  65  mol%  of  ZnS04  and  35  mol%  of  K;S04  were  mi.xed 
thoroughly  and  then  heated  in  a  box  furnace  at  400  °C  for  two  hours.  Then 
the  mixture  was  cooled  naturally.  The  resulting  glass  was  transparent  but 
was  found  to  be  hygroscopic.  Hence  it  was  not  pursued  anymore. 

6.  Glass  Polishing  Technique 

We  have  used  silicon  carbide  (grit  600),  aluminum  oxide  (9.5  micron) 
and  iron  oxide  (3.0  micron)  powders  in  that  order  to  polish  the  glasses.  The 
polishing  powder  was  mixed  with  water  and  the  resulting  paste  was  spread 
on  a  rotating  disc  covered  with  appropriate  (grit  size)  polishing  paper.  Each 
glass  surface  was  polished  on  the  disc  manually  for  about  20  minutes  with 
each  powder. 


7.  Table:  Summary  of  glasses 


Glass  type 

Composition 

Melting  point 

Remarks 

sulfate 

K,SO^,  ZnS04 

400  °C 

hygroscopic 

borate 

Na,  CO3,  H3BO3 
PbO 

700  °C 

brittle 

Silicate 

Na,C03,  SiO, 

1600  °C 

highly  viscous 

borosilicate 

NaX03,  SiO, 

H3BO3 

1350  °C 

transparent 
and  strong 

multicomponent 
Oxide  glass 

La203,  Ba3Y3WO, 
PbO,  SiO,,  BjOj 
TeOj,  MgTiOj 

1200  °C 

strong  and 
transparent  above 
400  nm 

8.  Energy  Upconversion  Studies  in  rare  earth  ion  doped  oxide  Glasses 

We  have  investigated  the  rare  earth  ion  doped  glasses  and  crystals  for 
energy  upconversion  studies.  Energy  level  structure  of  the  rare  earth  ions  is 
shown  in  Fig.l.  Sodium  borosilicate  glass  was  found  to  be  transparent 
above  340  nm.  The  energy  levels  of  Pr^^,  Nd^"-  and  Er^^  in  sodium 
borosilicate  glasses  were  identified  from  the  absorption  spectrum  and  were 
found  to  be  in  their  expected  positions.  Laser  excited  fluorescence  was 
recorded  from  these  materials  by  exciting  them  with  Ar,  YAG:Nd^*, 
Excimer  pumped  dye  lasers  and  Ti:Sapphire  lasers.  When  the  E  levels  of 
Nd3+  were  irradiated  with  514.5  nm  we  have  detected  very  weak 
upconversion  signals  at  380-460  nm  at  liquid  nitrogen  temperature. 
Similarly,  when  the  B  levels  of  Er^^  were  resonantly  excited  with  797  nm, 
we  have  detected  weak  green  emission  from  the  E  levels  at  548  nm  at  room 
temperature.  Such  weak  emission  v  .s  mainly  because  of  the  large  cut-off 
phonon  frequency  of  the  host  mat  .rial  (sodium  borosilicate).  In  other 
words,  the  dominant  relaxation  mechanism  of  the  upconverted  energy  levels 
is  nonradiative  rather  than  radiative  in  this  host*.  To  circumvent  this 
problem  we  prepared  a  multicomponent  oxide  glass  having  heavy  metallic 
elements.  Because  glasses  are  polycrystalline  some  of  the  rare  earth  ions 
may  have  heavier  elements  in  their  immediate  surroundings.  In  such  cases, 
those  ions  will  relax  radiatively.  So  it  should  be  possible  to  detect  efficient 
upconversion.  Accordingly,  we  synthesized  a  multicomponent  oxide  glass 
containing  heavier  metallic  elements  as  explained  under  glass  preparation 
(section  5(b)).  The  resulting  glass  was  found  to  be  strong,  nonhygroscopic 
and  transparent  above  400  nm.  We  investigated  Er^"^  doped  glass  for  energy 
upconversion  studies.  When  the  B  levels  of  the  ion  were  resonantly  excited 
with  797  nm,  we  have  detected  strong  energy  upconverted  emission  at  548 
nm  from  the  E  levels  at  room  temperature.  Such  signals  were  detected 
even  for  50  mW  of  input  laser  power.  This  implies  that  heavy  metallic 
glasses  doped  with  rare  earth  ions  are  favorable  for  energy  upconversion 
studies.  In  glasses  the  efficiency  was  limited  by  the  nonradiative  relaxation 
of  the  excited  levels. 
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9.  Energy  Upconversion  in  LaF3:Ho^+ 

We  have  detected  efficient  energy  upconverted  emission  at  416,  485 
and  546  nm  from  the  J,  F  and  E  levels  of  Ho^"^  when  its  D  levels  were 
resonantly  excited  with  a  636  nm  dye  laser.  Intense  upconverted  emission 
was  detected^  even  when  the  material  was  pumped  with  30  mW  dye  laser 
beam.  In  this  material  the  excited  Ho^^  ion  is  relaxing  to  the  A  level  and 
then  is  getting  upconverted  to  the  J  levels  by  another  photon  of  the  pump 
laser.  The  J  levels  relax  to  the  lower  F  and  E  levels  which  were  emitting 
blue  and  green  light.  Their  efficiency  was  estimated  to  be  ~10  When 
this  material  was  excited  with  a  near  infrared  laser  beam  of  ~800  nm  laser, 
we  detected  intense  emission  at  485  and  546  nm  from  the  F  and  E  levels.  In 
this  situation  also,  the  excited  ion  was  relaxing  to  the  A  state,  that  was 
further  excited  to  the  G  level,  which  relaxed  to  the  lower  F  and  E  levels 
causing  them  to  emit  485  and  546  nm  radiation. 

10.  Energy  Upconversion  in  LaFj.-Pr^ 

When  LaFjiPr^*  was  irradiated  with  805  nm  radiation  we  observed 
intense  and  sharp  green  signal  at  540  nm  in  addition  to  other  weak  signals 
at  491  and  521  nm.  Further  work  is  in  progress  to  identify  the  mechanism 
responsible  for  the  production  of  green  light. 

11.  Energy  Upconversion  in  MFjiNd^  (M=Ca,  Sr,  Ba,  La) 

We  have  detected  energy  upconverted  emission  from  the  L  levels  of 
Nd^"^  in  the  violet  region  (350-400  nm)  when  these  materials  were  irradiated 
with  an  Ar^  laser,  a  dye  laser  or  a  near  infrared  laser  for  exciting 
respectively  the  E,  D  or  S  levels  of  the  ion.  Further  work  is  in  progress. 

12.  Third  order  Nonlinearity  of  Organic  Dyes 

When  a  material  is  exposed  to  light  its  molecules  are  polarized  and  its 
polarizability  is  expressed  as 

p  =  +  ^(2)E2  4-  + .  (  1  ) 

where  ^he  first,  second  and  third  order  susceptibilities. 
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The  absorption  coefficient  of  organic  dyes  obeys  the  relation 
a(I)  =  ao/(l+I/IJ 


(2) 


where  a,,  is  its  low  power  absorption  coefficient  and  is  its  saturation 
intensity  for  which  the  absorption  coefficient  is  reduced  by  a  factor  of  two. 

Similarly,  the  susceptibility  is  expressed  as 

x(i) = /(i+i/ij  =  r  =  xm-  i/is + my  - . i  (3) 

The  polarization  of  the  medium  becomes 

P  =  X(I)E  =  Ix'^  -  X«  (I/y  +  X«  (I^s)^  - . ]E  (4) 

P  =  x°E  -  x°EVIs+ . ;  Since,  I  =  (5) 

A  comparison  of  equations  ( 1 )  and  (5)  reveals  that 

X<^>  =  Constant  /Ij  (6) 

Hence  optical  saturation  exhibits  third  order  optical  nonlinear  effects. 

13.  Organic  dye  doped  systems 

Organic  dyes  have  low  melting  points.  Hence  the  host  material  used 
should  also  have  low  melting  point,  otherwise  the  dyes  will  decompose. 
Hence  the  number  and  types  of  host  systems  for  dye  doping  are  limited.  We 
have  studied  the  following  dye  doped  systems. 

Boric  acid  glass  doped  with  organic  dyes'®  " 

Sucrose  doped  with  Dyes 

Polycarbonate  doped  with  dyes'^ 
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The  following  dyes  were  Investigated: 


Styryl  7 

DCF,  DCM,  Rl  10,  R6G,  Pyridine  1,  Acridine  Yellow 
Coumarin  314  and  343 


14.  Preparation  of  boric  acid  glass  doped  with  dyes 

Boric  acid  glasses  doped  with  dyes  were  made  earlier  by  other 
researchers  also.  However,  we  implemented  a  very  simple  method  to 
prepare  the  samples.  Our  method  is  described  below.  The  melting  point  of 
boric  acid  is  171°C.  When  boric  acid  melts  it  loses  its  water  content  and 
forms  boron  trioxide.  When  boron  trioxide  crystallizes  from  melt  it  tries  to 
grow  as  microcrystallites  and  hence  samples  thicker  than  100  microns 
exhibit  cracks.  A  microscope  slide  is  preheated  on  a  hot  plate  to  reach  the 
melting  point  of  the  sample  so  that  the  dye  does  not  decompose.  A 
measured  quantity  of  the  dye  and  boric  acid  were  thoroughly  mixed  and 
then  spread  on  top  of  the  heated  glass  slide.  When  the  mixture  melts  another 
glass  slide  was  kept  on  top  of  the  sample  and  was  sandwiched  by  pressing 
hard  and  simultaneously  rubbing  them  against  each  other.  The  samples  thus 
obtained  are  uniform  and  some  samples  lasted  even  for  three  years.  The 
j  sample  thickness  was  measured  using  a  micrometer. 

15.  Preparation  of  sucrose  samples  doped  with  dyes 

Sucrose  melts  at  a  temperature  of  about  200  °C.  A  measured  quantity 
of  the  sample  is  poured  into  a  crucible  and  then  introduced  in  a  preheated 
box  furnace  that  was  set  at  200°C  .  After  about  10  minutes  a  measured 
quantity  of  the  dye  was  added,  mixed  well  and  then  sandwiched  between 
two  microscope  glass  slides.  The  samples  thus  obtained  are  also  in  good 
quality'^  However,  after  couple  of  weeks  time  the  sample  slowly 
transformed  into  fluid  state/syrup  state  in  a  humid  room,  because,  sucrose  is 
hygroscopic.  The  samples  lasted  much  longer  if  properly  stored,  when  they 
were  not  in  use.  But  sucrose  turned  out  to  be  very  useful  in  characterizing 
organic  dyes.  There  is  no  limit  on  the  thickness  of  the  samples  that  can  be 
made. 


16.  Preparation  of  Polycarbonate  doped  with  dyes 

Polycarbonate  has  been  found  to  be  one  of  the  toughest  and  most 
durable  thermoplastics  known  to  the  industrial  community.  It  has  a  melting 
point  of  about  350  °C  and  a  refractive  index  of  1.586.  Because  of  their 
higher  melting  points  these  systems  will  have  higher  damage  threshold  than 
the  boric  acid  glass  or  sucrose  samples.  The  polycarbonate  sample  is 
available  in  the  form  small  spheres  -\-2  mm  and  is  white  in  color.  A 
measured  quantity  is  laid  on  top  of  a  microscope  slide  and  was  then  heated 
in  a  box  furnace  at  -350  °C  for  about  10  minutes.  When  it  starts  melting  a 
measured  quantity  of  the  dye  was  spread  uniformly  on  top  of  it.  When  the 
dye  starts  to  melt  another  glass  slide  was  kept  on  top  of  it  and  the  two  were 
pressed  together  by  simultaneously  rubbing  the  two  together.  The  samples 
thus  obtained  are  fairly  uniform  and  are  of  good  quality.  A  variety  of 
Rhodamines,  Coumarines  and  other  dyes  could  be  easily  doped  into  the 
polycarbonate'2.  These  samples  lasted  for  a  very  long-time.  When  these 
samples  are  exposed  to  high  irradiation  powers,  polycarbonate  samples 
were  found  to  possess  higher  damage  threshold  than  boric  acid  samples. 
Hence,  these  samples  may  have  applications  in  device  making. 

17.  Excited  state  Absorption  Studies 

We  also  detected  excited  state  absorption  in  the  organic  molecules 
and  was  studied  using  pump-probe  technique  as  well  as  saturation/ 
transmission  data.  When  a  single  weak  beam  irradiates  the  sample  its 
transmitted  intensity  ly  (unpumped  case)  is  given  by 

lu  =  lo  exp  (-GoN  1)  (7) 

where  Iq  is  the  incident  beam  intensity,  Gq  is  the  ground  state  absorption 
cross-section,  N  is  the  concentration  of  the  dye  molecules  and  1  is  the 
sample  thickness.  However,  when  the  sample  is  irradiated  with  a  strong 
pump  beam  there  will  be  some  population  in  the  excited  state  as  well.  In 
the  (pumped)  case  the  transmitted  probe  beam  intensity  is  given  by 

Ip  =  Io  exp(-GoNol -g,N,1)  (8) 
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where  a,  is  the  absorption  cross  section  from  the  excited  state,  Ng  and  N,  are 
the  populations  in  the  ground  and  excited  states  when  a  strong  pump  beam 
is  present. 


N  =  No  +  N,  (9) 

N,=NI/(I  +  U  (10) 

At  saturation  intensity,  N,=N/2.  The  change  in  absorption  coefficient  of  the 
probe  beam  due  to  excited  state  absorption  is  given  by 


Aa  =  a,  -  tto  =  N,(CT,-ao)  =  In  (iyip)/l  (11) 

So,  the  transmitted  probe  beam  intensity  is  measured  with  and  without  the 
pump  beam.  When  the  pump  beam  is  turned  on,  the  transmitted  probe  beam 
intensity  decreases  for  a,>ao  and  increases  for  ct,<Oo.  Using  this  technique 
we  could  establish  clearly  the  presence  of  excited  state  absorption  and  its 
relative  magnitude  with  the  ground  state  absorption.  The  transmission  of 
the  sample  is  measured  as  a  function  of  the  incident  intensity.  The 
absorption  coefficients  and  the  saturation  intensity  are  obtained  by 
numerically  integrating 

dl/dl  =  -(ai+ttj)!  (12) 

and  fitting  with  the  experimental  data,  a,  and  are  the  ground  and  excited 
state  absorption  coefficients. 

a,  =  (ao/s)  {1- tan-'VSsWSs}  (13) 

where  the  saturation  parameter,  s=I/l5  and  ag  is  the  low  power  absorption 
coefficient  from  the  ground  state.  With  this  procedure  we  obtained 
unambiguous  values  for  the  ground  state  and  excited  state  absorption  cross 
sections  for  several  organic  dyes''. 


18.  Estimation  of  third  order  susceptibilities, 

Third  order  susceptibilities  for  several  organic  dyes  were  estimated 
using  the  values  obtained  for  ao  and  from  the  transmission  data,  and  by 
substituting  in  the  formula, 


^(3)  =  r|2c2ao(d+i)/247c2o3lj  ( 1 4) 

where  r|  is  the  refractive  index,  c  is  the  speed  of  light,  Ig  is  the  line 
saturation  intensity,  is  the  low  power  absorption  coefficient ,  5  is  the 
normalized  detuning  parameter  and  co  is  the  laser  frequency.  The  third 
order  susceptibility  has  been  measured  for  Styryl  7,  R1 10,  DCM,  DCF,  AY, 
Coumarin  314  and  R6G  dyes‘^-‘^. 

19.  Optical  Phase  Conjugate  Studies(Degenerate  Four-Wave  Mixing) 

In  this  experiment  the  sample  is  irradiated  with  three  input  beams  and 
the  sample  generates  the  fourth  beam.  In  other  words,  two  beams  are  used 
to  write  a  grating  in  the  material  and  the  third  beam  is  used  to  read  the 
grating.  The  diffracted  beam  is  also  called  the  phase  conjugate  signal.  The 
diffraction  efficiency,  the  response  time  and  durability  of  the  material  are 
dependent  on  the  sample.  The  magnitude  of  nonlinearity  is  also  found  to 
be  dependent  on  the  structure  of  the  molecule.  In  dye  doped  systems 
gratings  can  be  formed  due  to  modulation  of  electronic  population  in  the 
material  and  thermal  gratings  formed  due  to  nonradiative  relaxation  of  the 
excited  molecules.  Hence  the  resulting  gratings  are  complex  and  are  a 
mixture  of  amplitude  and  phase  gratings.  In  addition,  some  of  the 
molecules  may  undergo  photochemical  changes  in  the  excited  state  or  may 
be  bleached  when  exposed  to  radiation.  Hence  there  can  be  efficient 
diffraction  due  to  the  formation  of  permanent  gratings  also.  Some  of  the 
molecules  may  undergo  excited  state  absorption  which  can  change  the 
magnitude  of  nonlinearity.  Hence  to  make  unambiguous  estimate  of  its 
nonlinearities  one  has  to  understand  all  the  different  processes  undergone 
by  the  molecules.  In  our  studies  we  have  detected  the  formation  of 
permanent  gratings  due  to  photochemical  effects  in  Styryl  7  and  Pyridine  1 
dyes,  thermal  gratings  due  to  nonradiative  relaxation  in  Pyridine  1,  and 
population  gratings  due  to  electronic  excitation  in  all  the  dyes.  Phase 
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conjugate  reflectivity  is  measured  for  all  the  dyes.  In  general  these  are  in 
the  range  10"^- 10"^.  In  Styryl  7  doped  boric  acid  glass  we  have  observed 
self  diffraction  and  formation  of  permanent  gratings  due  to  photochemical 
effects.  The  total  phase  conjugate  reflectivity  reached  a  value  of  10%, 
when  the  gratings  were  written  for  about  30  minutes  in  Styryl  7.  In  Pyridine 
1  doped  sample,  we  have  detected  oscillations  in  the  diffracted  signal  due  to 
thermal  effects. 

20.  Research  Personnel;  The  principal  investigator  of  this  proposal  B.R. 
Reddy  was  supported  by  this  project. 

2 1 .  Students  Participation 

The  following  students  are  either  directly  or  indirectly  supported  by  this 
project. 

Mr.  Anthony  Ololo  completed  his  M.S.  thesis  on  the  "Spectroscopic 
investigation  of  silicate  glasses  doped  with  certain  rare  earth  ions"  at 
Alabama  A&M  University^.  He  received  financial  assistance  from  this 
project. 

Mr.  Andre  Ellison  an  undergraduate  student  also  received  financial 
assistance  for  sometime  from  this  project.  Mr.  Andre  Ellison  and  Mr.  Paul 
j  Williams  (undergraduate  students)  gained  hands  on  experience  in  making 
and  polishing  glasses. 

Ms.  Shelia-Nash  Stevenson  (NASA  employee)  and  M.  Mahdi  are  working 
towards  their  Ph.D.  degrees  on  energy  upconversion  studies’  in  rare  earth 
ion  doped  crystals  and  are  indirectly  supported  by  this  project  by  receiving 
guidance  from  Dr.  Reddy  who  has  been  supported  by  the  AFOSR-  Project. 
They  are  also  using  the  equipment  purchased  from  this  project. 

22.  Major  Equipment  Purchased 

A  high  temperature  furnace:  Thermolyne,  Model  #  F461  lOCM 

A  triple  grating  monochromator:  Acton  Research  Corp.,  SpectraPro  300, 
Model#  SP-405  and  accessories. 
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A  picoammeter:  Keithley  Model  485 


A  low  temperature  cryostat:  RMC  Cryosystems,  Model  LTS-LN^ 

23.  Miscellaneous  Supplies 

Publication  charges,  Art  work  for  drawings 
Inorganic  Chemicals,  Organic  dyes.  Microscope  slides 
Crucibles,  Stationery,  A  filing  cabinet.  Optical  rail  and  mounts 
furnace  supplies,  miscellaneous  items  (hardware  supplies)  etc.. 


24.  SUMMARY  AND  CONCLUSIONS 

(a)  Energy  upconversion  studies  useful  for  laser  development 

(1)  We  have  developed  oxide  glasses  doped  with  erbium  ions  which  emitted 
intense  green  lights  at  room  temperature  when  pumped  with  a  near  infrared 
laser  beam  -800  nm. 

(2)  We  have  observed  green  and  blue  emission  from  LaF3:Ho3"^  ions  at 
room  temperature’  when  pumped  with  a  near  infrared  (-800  nm)  or  a  red 
laser  beam  (-640  nm). 

(3)  We  have  detected  intense  green  emission  from  LaF3:Pr3+  when  pumped 
with  a  near  infrared  beam  of  805  nm. 

(4)  We  have  also  detected  violet  energy  upconverted  signals  from  Nd^'" 
doped  in  CaF2,  SrF2 ,  BaF2  and  LaFj  crystals. 

(b)  Nonlinear  Optical  Studies 

We  have  detected  optical  phase  conjugate  signals  in  the  following  systems: 

(1)  Polycarbonate  doped  with  Coumarin  dyes  (first  time);  This  is  the  best 
system  knovm  to  us  and  has  potential  for  practical  applications'^. 

(2)  Sucrose  doped  with  organic  dyes:  easy  to  make  and  useful  in 
characterizing  the  dyes. 

(3)  We  have  detected  photochemical  effects  in  dye  doped  boric  acid  glass 
and  are  found  to  be  useful  for  long  term  information  storage'®. 

(4)  We  have  stored  images  in  Styryl  7  doped  boric  acid  films  using  an  Ar 
laser  and  retrieved  the  same  using  a  He-Ne  laser  in  the  absence  of  writing 
beams.  We  think  that  this  system  will  have  several  advantages  in  the 
demonstration  of  many  optical  effects'®. 
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Nonlinear  optical  phenomena  like  phase  conjugation,  beam  coupling,  self  diffraction,  development  of  permanent  gratings, 
image  storage /reineval  and  photochemical  effects  have  been  demonstrated  in  a  styryl  dye  doped  in  boric  acid  host  The  third- 
order  nonlinear  susceptibility  was  estimated  to  be  =  l.’x  10"’  esu  and  two  wave  mixing  gam  coefTicient  was  as  high  as  5.  Self 
diffraction  efficiencies  into  -  1  image  were  measured  as  a  function  of  laser  power  Phase  conjugate  reflectivities  were  measured 
as  a  function  of  laser  power  and  spatial  frequency. 


1.  Introduction 

An  intense  search  is  going  on  to  find  new  optical 
materials  that  e.xhibit  large  nonlinear  susceptibili¬ 
ties.  have  high  damage  threshold  and  easy  to  prepare 
high  quality  samples  because  of  their  possible  ap¬ 
plications  in  several  areas  ( l-S).  The  organic  mol¬ 
ecules  exhibit  large  polarizabilities  because  excited 
ii-bond  electrons  are  delocalized  and  hence  easily  po¬ 
larizable.  Thus,  organic  molecules  doped  in  amor¬ 
phous  materials  ( glasses )  are  turning  out  to  be  a  class 
of  useful  nonlinear  optical  materials.  In  these  sys¬ 
tems  optical  excitation  easily  gets  saturated  at  low 
light  powers  due  to  long  lifetime  of  triplet  states  in 
a  condensed  media.  Because  'S  inversely  pro¬ 
portional  to  the  saturation  intensity  [2]  these  sys¬ 
tems  exhibit  large  third-order  susceptibilities  «  1  esu. 
The  order  of  nonlinearity  and  the  response  time  that 
a  system  can  exhibit  depends  on  the  structure  of  the 
organic  molecules  as  well.  So.  we  investigated  the 
nonlinear  optical  behavior  of  a  styryl  7  dye  doped  in 
boric  acid  glass  which  exhibited  several  interesting 
nonlinear  optical  phenomena  and  this  is  the  most  ef¬ 
ficient  system  known  to  us  in  the  category  of  organic 
dye  doped  glasses. 


2.  Experimental 

Appropriate  quantities  of  the  boric  acid  and  dye 
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are  mixed,  melted  and  then  sandwiched  between  two 
microscopic  glass  slides  so  that  the  concentration  of 
the  dye  molecules  is  a  I0'*-I0*°  molecule/cm^  and 
typical  thickness  of  the  sample  is  about  100  pm.  The 
sample  has  absorption  in  the  wavelength  region  300- 
500  nm  and  facilitates  phase  conjugate  ( PC)  studies 
with  .Ar’’  laser.  However  there  was  no  absorption  at 
514.5  nm  when  lower  concentrations  of  the  dye  were 
used.  Its  fluorescence  spectrum  falls  in  the  region 
450-600  nm.  The  fluorescence  lifetime  was  esti¬ 
mated  to  be  385  ps  and  there  was  no  evidence  for 
phosphorescence  even  at  longer  times.  Nonlinear  op¬ 
tical  measurements  were  made  in  the  two-wave  mix¬ 
ing  (TWM)  and  degenerate  four-wave  mixing 
( DRA  M )  configurations  using  Ar*  laser.  The  beam 
size  was  about  4-5  mm  and  unfocused.  The  signals 
were  detected  with  a  PIN  diode  coupled  to  a  pream¬ 
plifier  whose  output  was  given  to  an  .V->'  plotter. 
Some  of  the  slowly  varying  signals  were  measured 
with  a  highly  sensitive  power  meter. 

3.  Results  and  discussion 

ill  PC  e.xperiments  the  writing  beams  strong  pump 
and  weak  probe  interfere  in  the  medium  and  gen¬ 
erate  a  spatially  periodic  light  intensity  distribution 
which  in  turn  modulates  the  electronic  population  ot 
the  dye  molecules.  For  a  typical  angular  separation 
( 13  )  of  488  nm  (/.)  writing  beams  the  grating  pe- 


0030-4018'9|/S03  50  0  1991  -  EIscmci  Science  Publishers  B  V  (  Nonh-Holland  i 


20 


Volume  84,  number  5,6 


OPTICS  COMMUNICATIONS 


1  Augusi  1Q41 


nod.  .1  is  found  to  be  2.15  nm.  Some  of  the  exci¬ 
tation  energy  is  transferred  to  the  host  medium  dur¬ 
ing  nonradiative  relaxation  processes  thus 
modulating  the  temperature  and  hence  the  refractive 
index  of  the  medium.  Thus  in  the  medium  a  com¬ 
plex  grating  can  be  generated  that  involves  changes 
in  absorption  as  well  as  phase.  The  physical  thick¬ 
ness  of  the  sample  in  our  case  is  100  pm  but  its  ef¬ 
fective  optical  thickness  [9]  d  \s  43.6  pm  for  a  typ¬ 
ical  transmission  of  0.49  and  absorption  coeiTicient 
of  1 1 7  cm~'.  The  gratings  are  thus  inclined  to  thick 
regime  because  d>lA^IL 
The  existence  of  a  grating  can  be  probed  in  several 
ways.  In  the  standard  TWM  configuration,  in  ad¬ 
dition  to  the  transmitted  beams  higher-order  dif¬ 
fraction  spots  up  to  second  order  also  appeared  on 
either  side.  Such  self  diffraction  effects  occur  when 
the  magnitude  of  the  nonlinearity  is  high.  For  typical 
pump  (5.3  mW)  and  probe  ( 1.8  mW)  beam  powen 
used,  the  transmitted  probe  power  was  0.35  inW  in 
the  absence  of  the  pump  beam  and  its  value  in¬ 
creased  with  time  as  soon  as  the  pump  Item  was 
turned  on  and  reached  a  value  of  1.7  mW  after  half 
an  hour.  This  value  represents  a  TWM  Ijain  of  about 
5.  Such  effects  occur  when  beam  coupling/energy 
transfer  is  predominant.  The  diffracted  powers  from 
the  stronger  pump  beam  into  -(-1  image  (which  is 
along  the  transmitted  probe  beam  direction )  and  +  2 
image  ar^  in  the  ratio  of  1 400 :  1 .  The  +  1  image  and 
—  1  image  are  at  equal  angular  separations  on  either 
side  of  the  strong  pump  beam.  The  power  diffracted 
along  the  -f2  image  and  -  1  image  are  of  the  same 
order  of  magnitude.  When  the  probe  was  blocked  the 
signal  showed  a  fast  decay  followed  by  a  slow  decay 
which  revealed  the  presence  of  transient  as  well  as 
permanent  gratings  in  the  medium  and  the  signal 
along  -I- 1  image  decayed  with  a  time  constant  of 
about  77  min.  During  the  initial  period  the  grating 
growth  was  found  to  be  nonlinear  and  varied  quad- 
ratically  with  time.  Diffracted  signal  efficiency  into 
- 1  image  is  plotted  as  a  function  of  power  and  is 
shown  in  fig.  I  for  two  different  times  after  the  pump 
beam  was  turned  on.  The  efficiency  curves  are  linear 
at  1 5  min  for  all  the  laser  powers  used  but  nonlin¬ 
earity  sets  in  after  50  mW  of  laser  power  at  30  min. 
For  normal  incidence  the  diffraction  pattern  ob¬ 
tained  with  these  gratings  is  found  to  be  similar  to 
that  of  a  spectroscopic  transmission  grating  (10)  and 
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Fig.  I,  Laser  power  dependence  of  diffraction  efficiency  mlo  -  I 
image  measured  at  ( a )  1 5  min.  ( b )  30  min.  after  the  pump  beams 
were  turned  on  m  the  TWM  configuration. 

the  diffraction  efficiency  of  such  gratings  is  directly 
proportional  to  the  incident  power  but  is  indepen¬ 
dent  of  laser  wavelength.  Once  a  grating  of  sufficient 
magnitude  was  developed  the  sample  was  stored  for 
two  months,  and  later  on  the  same  sample  diffracted 
incident  laser  beams  along  1  image  direction.  This 
can  happen  only  if  a  permanent  grating  was  devel¬ 
oped  because  of  a  photochemical  change  undergone 
by  the  excited  molecules.  In  that  case  photochemical 
effects  should  occur  even  when  a  single  beam  irra¬ 
diates  the  sample.  When  an  unexposed  area  of  the 
sample  was  irradiated  with  a  single  laser  beam  of  488 
nm  its  transmitted  intensity  increased  by  about  1% 
after  half  an  hour.  At  458  nm  the  absorption  was  very 
high  and  the  transmitted  power  was  very  much  less 
or  absent  in  the  beginning.  But  a  few  minutes  later 
transmission  appeared  and  kept  on  increasing.  This 
strongly  supports  our  idea  that  photochemical  ef¬ 
fects  are  present  and  the  excited  molecules  slowly 
underwent  a  photochemical  change  so  that  they  can 
no  longer  absorb  light  thus  increasing  the  transmis¬ 
sion.  Such  photochemical  effects  were  found  to  be 
negligible  or  absent  if  the  laser  wavelength  falls  in 
the  tail  of  the  absorption  spectrum  or  outside  (e.g.. 
at  514.5  nm).  Photochemical  effects  were  observed 
in  other  systems  also  [11,12]  but  in  our  system  the 
gratings  are  permanent  and  lasted  much  longer  than 
in  other  systems. 

DFWM  experiments  were  performed  m  the  stan- 
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Fig.  2.  Phase  conjugate  reflectivity  as  a  function  of  laser  power.  Laser  intensities  are  much  less  than  the  saturation  intensity. 


dard  retroreflection  configuration  which  does  not  re¬ 
quire  any  explanation.  In  these  experiments  some  of 
the  reiroreflected  light  gets  diffracted  coHinearly  in 
opposite  direction  of  the  probe  beam  and  is  referred 
to  as  PC  signal.  PC  signals  were  detected  even  for 
total  laser  powers  of  the  order  of  1 0  mW  and  for  more 
than  90°  angular  separation  of  the  writing  beams. 
PC  signal  growth  and  decay  were  measured.  The  PC 
decay  was  quite  complex  and  the  expression  used  in 
curve  fitting  always  required  more  than  one  expo¬ 
nential  function  for  all  angular  separations  of  the 
writing  beams.  PC  signal  grew  in  magnitude  with  time 
and  attained  maximum  value  in  about  30  min  at  10 
mW  of  total  input  power  but  the  time  reduced  to  12 
min  at  40  mW  of  input  power.  In  the  absence  of  pho¬ 
tochemical  effects  (at  lower  concentrations  of  the 
dye)  PC  reflectivities  are  of  the  order  of  10“’  but 
increased  to  about  10%  in  about  half  an  hour  for 
those  samples  in  which  photochemical  effects  are 
significant  which  in  turn  depended  on  the  position 
of  the  laser  wavelength  with  respect  to  the  absorp¬ 
tion  spectrum.  PC  reflectivities  varied  quadratically 
with  the  pump  beam  power  ( fig.  2 )  at  low  laser  pow¬ 
ers  and  is  in  accordance  with  the  theory  developed 
for  saturable  absorbers  ( 13).  At  higher  laser  powers 
the  reflectivity  decreased  again  (not  shown).  For 
constant  pump  power  the  PC  signal  was  found  to  vary 
linearly  with  the  probe  beam  power  and  finally  sat¬ 
urated.  Spatial  frequency  dependence  of  the  PC  sig¬ 
nal  strength  peaked  at  intermediate  grating  period 
( fig.  3 )  and  the  peak  position  depended  on  the  con¬ 
centration  of  the  dye  also.  This  suggests  that  there  is 
some  type  of  interaction  or  coupling  in  the  medium. 


Other  supportive  evidence  for  this  coupling  is  found 
as  follows.  After  the  PC  signal  reached  a  steady  max¬ 
imum  value  the  retroreflected  beam  was  blocked  for 
a  minute  and  opened  again.  Then  it  was  found  that 
the  PC  signal  increased  slightly  above  the  earlier 
maximum  value  and  then  decreased  again  slowly  to 
reach  the  previous  steady  value,  which  could  be  due 
to  self  erasing  and/or  beam-coupling  effects.  This 
coupling  is  such  that  the  PC  signal  is  weaker  at  small 
as  well  as  large  angular  separation  of  the  wnting 
beams.  The  signal  is  less  at  higher  angles  because  of 
less  overlap  and  small  grating  periods.  PC  reflectiv¬ 
ities  were  measured  as  a  function  of  laser  wavelength 


Fig.  3.  Spaiial  frequency  dependence  of  PC  signal 
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Fig.  4.  Transmission  data  of  a  styry  I  7  sample.  Dye  concentration  is  =  10'*  molecule/cm’. 


also.  At  514.5  nm  the  absorption  is  very  weak  and 
hence  the  PC  signals  were  also  very  weak.  At  458  and 
466  nm  most  of  the  laser  power  was  absorbed  and 
hence  there  was  no  PC  beam  to  get  diffracted.  The 
absorption  at  488  nm  was  such  that  the  conditions 
were  optimum  for  DFWM  and  photochemical  ef¬ 
fects  and  hence  the  PC  signals  were  strong. 

We  also  investigated  the  image  processing  capa¬ 
bilities  of  this  sample.  When  an  air  force  resolution 
target  was  inserted  in  either  direction  of  the  writing 
beam  path.s  its  clearly  resolved  image  appeared  in 
the  PC  Agnal  as  well  as  in  the  transmitted  direction 
of  the  probe  beam.  The  image  stored  using  488  nm 
could  be  read  back  by  shining  the  sample  with  any 
other  laser  wavelengths  (e.g.,  632.8  nm)  during  the 
absence  of  writing  beams.  This  suggests  that  the  sam¬ 
ple  can  be  used  to  store  information  using  the  wave¬ 
lengths  which  fall  within  the  absorption  spectrum  and 
later  on  read  back  the  same  using  inexpensive  HeNe 
lasers. 

An  estimate  of  the  magnitude  of  nonlinearity  was 
made  for  a  sample  containing  10'*  molecule/cm^  us¬ 
ing  the  saturation  data.  For  this  sample  a  plot  of 
transmission  versus  incident  intensity  is  shown  in 
fig.  4.  that  exhibits  saturation  behaviour.  The  ab¬ 
sorption  coefficient  of  this  sample  was  estimated  to 
be  108  cm~'  at  488  nm  and  the  gratings  formed 
lasted  for  less  than  half  an  hour.  For  this  sample  the 
standard  pump-probe  technique  did  not  reveal  any 
evidence  for  the  occurrence  of  excited  state  absorp¬ 
tion  and  hence  the  measured  value  for  the  absorp¬ 


tion  coefficient  was  assumed  to  be  that  from  the 
ground  state  only.  The  third-order  susceptibility  was 
estimated  using  [  1  ] 

x‘^’=:(/tV^a/247tW,)(<5-f-i)  ,  (1) 

where  n  is  the  unsaturated  refractive  index,  c  is  the 
speed  of  light,  /,=8^  mW/cm^  and  (u  is  the  laser 
frequency.  For  n  =  I  the  magnitude  of  nonlinearity, 
was  found  to  be  1.7x  10"^  esu  when  6  was  set 
to  1.  This  value  is  a  factor  of  100  less  when  com¬ 
pared  to  that  measured  for  fluorescein  and  is  mainly 
due  to  the  low  value  for  the  absorption  coefficient 
and  large  saturation  intensity. 

Our  results  suggest  that  optical  materials  doped 
with  styryt  dye  will  have  potential  applications  in 
several  areas  (e.g.,  information  processing,  optical 
memories,  laser  shows  etc.). 
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Nonlinear  optical  studies  of  Dichiorofluorescein,  Arcridine  Yellow,  •4-(Dic}’anomethyJenei-2-methyl-6- 
(p-dimethylaminostyryl)-4H-pyran,  Rhodamine  110,  and  Pyridine-1  dyes  doped  in  a  boric  acid  host  have  been 
studied  at  Ar  *  laser  wavelengths.  Excited-state  absorption  was  demonstrated  directly  by  use  of  the  pump- 
probe  technique.  Ground-  and  excited-state  absorption  cross  sections  and  saturation  intensities,  phase-conju¬ 
gate  reflectivities,  grating  formation,  and  decay  times  were  measured  for  all  dyes.  Phase-conjugate  signals  of 
Pyridine- 1  exhibited  oscillatory  behavior  in  time,  which  was  found  to  be  due  to  heat  produced  during  the  nonra- 
diative  relaxation  of  the  excited  molecules.  Third-order  susceptibilities  were  also  estimated  for  the  dye-doped 
samples  from  the  saturation  measurements.  The  parameters  derived  from  the  saturation  data  are  used  to  pre¬ 
dict  phase-conjugate  reflectivities  and  are  compared  with  the  measurements. 


INTRODUCTION 

To  identify  new  nonlinear  materials,  we  investigated  dif¬ 
ferent  substances.  Saturable  absorbers  were  known  to 
exhibit  large  third-order  susceptibilities.*  Dyes  doped  in 
condensed  media  are  one  category  of  samples  that  gener¬ 
ate  optical  phase-conjugate  (PC)  signals.*'*  For  device 
applications,  only  those  substances  are  useful  that  are 
chemically  stable  for  a  tong  time,  possess  large  nonlineari¬ 
ties,  have  fast  response  times,  are  efficient  in  diffraction, 
can  be  studied  with  the  available  lasers  at  low  powers,  and 
can  be  prepared  easily.  Some  organic  molecules  undergo 
photochemic£il  changes  in  the  excited  state  and  adter  the 
optical  properties  of  the  system.  Such  systems  may  be 
useful  for  long-term  information  storage.  The  efficiency 
ana  response  time  of  these  systems  depend  not  only  on  the 
structure  of  the  dye  molecules  but  also  on  the  other  optical 
phenomena  that  occur  when  these  materials  are  exposed 
to  radiation.  For  example,  excited-state  absorption  (ESA) 
limits  dye  laser  efficiency  and  alters  the  strength  of  the 
nonlinearity.  Therefore  the  basic  phenomena  exhibited 
by  these  molecules  must  be  thoroughly  understood  if  they 
are  to  be  improved.  Only  a  few  substances  were  studied 
previously,  and  not  every  aspect  of  the  phenomena  exhib¬ 
ited  by  the  molecules  was  covered.  Hence  other  dye- 
doped  samples  need  to  be  studied  so  that  ones  that  meet 
the  device  requirements  mentioned  above  can  be  found.  , 
Therefore  we  studied  a  few  new  dyes  that  exhibit  PC 
signals  at  low  laser  powers  and  measured  their  nonlineari¬ 
ties.  We  suggested  an  easy  method  for  sample  prepara¬ 
tion.  We  detected  oscillations  in  PC  signals  of  organic 
systems  and  explained  the  phenomenon.  Here  we  will 
experimentally  demonstrate  that  ESA  modifies  the  trans¬ 
mission  characteristics  of  saturable  absorbers,  and  we  will 
use  easy  methods  to  measure  ESA  cross  sections  that  are 
useful  in  laser  and  waveguide  research. 

EXPERIMENT 

Organic  dyes  have  low  melting  points  and  decompose  at 
high  temperatures.  Hence  the  host  materials  used  should 
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have  low  melting  points.  Boric  acid  melts  at  a  tempera¬ 
ture  of  171*0.  The  dyes  that  we  selected  have  melting 
points  in  the  same  range. 

The  sample  preparation  method  that  we  adopted  is  dif¬ 
ferent  from  that  used  previously.*  Appropriate  quanti¬ 
ties  of  boric  acid  and  dye  were  measured  and  mixed 
thoroughly  before  heating.  A  microscopic  glass  slide  was 
preheated  on  a  hot  plate  until  it  reached  the  melting  tem¬ 
perature  of  the  sample,  which  is  lower  than  the  dye  decom¬ 
position  temperature.  Then  a  small  amount  of  the 
dye-boric  acid  mixture  was  spread  uniformly  over  the 
glass  plate  and  melted.  Another  microscope  slide  was 
used  to  make  a  sandwich  of  the  sample,  and  we  pressed 
down  hard,  simultaneously  rubbing  the  slides  against  each 
other.  The  dye  was  also  spread  uniformly  in  the  sample. 
The  samples  obtained  were  of  good  quality,  and  the  dye 
molecules  were  not  decomposed.  These  samples  lasted 
for  several  months. 

Sample  thickness  was  measured  with  a  micrometer  and 
was  typically  in  the  range  -30-100  pm.  and  the  concen¬ 
tration  of  the  dye  molecules  ranged  from  — 10**  to  10^“  cm ' 
At  thicknesses  above  100  pm,  the  samples  cracked. 

Pyridine- 1-doped  samples  needed  special  preparation 
because  some  Pyridine-1  decomposed  when  melted. 
When  the  boric  acid  was  about  to  melt,  a  measured  quan¬ 
tity  of  dye  was  spread  over  it  and  then  was  immediately 
covered  with  another  glass  slide.  For  this  sample,  the  dye 
concentration  may  not  have  been  uniform  throughout  the 
sample.  Such  samples  were  yellow  in  color  and  exhibited 
interesting  nonUnear  phenomena,  which  are  discussed  be¬ 
low.  If  the  dye  decomposed  during  the  heating  process, 
the  resulting  sample  was  colorless  and  did  not  show  any 
PC  signal.  Remember,  if  boric  acid  loses  all  its  water  con¬ 
tent  during  the  heating  process,  then  the  resulting  prod¬ 
uct  is  boron  trioxide  and  melts  at  approximately  450°C, 
and  dye  doping  is  impossible  because  most  dyes  decompose 
at  that  temperature.  If  the  host  loses  all  the  water  con¬ 
tent.  the  remaining  sample  is  distributed  randomly  on  the 
glass  slide  and  is  hard  to  spread  uniformly  When  such 
materials  are  sandwiched,  cracks  developed  in  them 
Such  cracks  can  appear  because  B-.Oi  tends  to  grow  as 
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Fig.  1.  Absorption  and  fluorescence  spectra  of  DCF-,  DCM-, 
Pyridine-l-,  and  RllO-doped  boric  acid  glasses.  Fluorescence 
was  obtained  by  irradiation  with  a  308-nin  excimer  laser. 

I 

microcrystallites. Boric  acid  glass  is  complex  and  con¬ 
tains*®  BjOj  and  HjO.  The  dyes  studied  are  2',  7'-Dichlo- 
rofluorescein  (DCF)  (CaoHioCljOj;  molecular  weight, 
401.2),  Acridine  yellow  (AY)  (CuHisClNa;  molecular 
weight,  273.77),  Rhodamine  110  (RllO)  (CjoH.sClNjO,; 
molecular  weight,  366.8),  Pyridine-1  (Ci9H23BF4N2;  mo¬ 
lecular  weight,  366.21)  and  4-(Dicyanomethylene)-2- 
methyl-6-( p-dimethylamino8tyryl)-4H-pyran  (DCM) 
(CiaHnNaO;  molecular  weight  303.37).  ^ridine-l  and 
RllO  were  obtained  from  Lambda  Physik;  the  others, 
from  Kodak. 

The  absorption  and  fluorescence  spectra  shown  in 
Fig.  1  have  strong  bands  in  their  expected  regions,  indi¬ 
cating  that  these  dyes  were  not  decomposed.  In  the  case 
of  Pyridine-1,  some  decomposition  products  may  appear, 
and  if  so  they  are  unknown.  The  decomposed  sample 
is  colorless  and  did  not  show  any  PC  signal.  All  the 
dyes  exhibited  additional  absorption  peaks  on  the  short- 
wavelength  side  at  higher  dye  concentrations.  For  ex¬ 
ample,  the  absorption  and  fluorescence  spectras  of  AY 
taken  at  different  concentrations  of  the  dye  are  shown  in 
Fig.  2.  The  short-wavelength  peak  in  absorption  grows  in 
strength  at  higher  concentrations  and  indicates  the  for¬ 
mation  of  dimers."  The  absorption  spectra  of  the  other 
dyes  also  increased  on  the  high-energy  side  at  higher  dye 


Vbl.  10.  No.  3 'March  1993/J.  Opt.  Soc.  Am.  B  439 

concentrations  (indicating  the  formation  of  dimers),  creat¬ 
ing  a  flat  region  in  the  absorption  spectrum.  Samples 
containing  DCF,  AY,  and  RllO  showed  phosphorescence  in 
the  visible  region  when  exposed  to  argon-ion  laser  beams 
of  476.5-488  nm.  The  phosphorescence  decay  times 
have  been  estimated  by  fitting  the  experimental  decay 
curves.  The  values  thus  obtained  are  63,  65,  and  218  ms 
for  DCF,  AY,  and  RllO,  respectively.  In  case  of  DCM  and 
Pyridine-l,  the  signal  decayed  in  ~1  ms,  which  is  the  re¬ 
sponse  time  of  the  electronic  shutter,  and  no  phosphores¬ 
cence  effect  was  detected. 

EXCITED-STATE  ABSORPTION 
MEASUREMENTS 

Transmission  data  were  measured  as  a  function  of  laser 
power.  In  DCF  the  transmitted  intensity  of  488  nm 
decreased  at  high  input  powers  (Fig.  3),  which  is  contra¬ 
dictory  to  the  normal  behavior  expected  of  saturable  ab¬ 
sorbers.  But  DCF  exhibited  strong  delayed  emission  (a 
phosphorescence  effect),  suggesting  that  it  has  a  long  trip¬ 
let  lifetime.  So  it  should  be  possible  to  demonstrate  ESA, 
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Fig.  2.  Absorption  and  fluorescence  spectra  of  AY  in  bone  acid 
host.  The  concentrations  of  the  dye  are  (a)  5  x  10“’ cm’,  ib) 
7  X  10‘’/cm'’,  and  (c)  2.4  x  10*°/cm’.  Fluorescence  is  induced  by 
irradiation  with  458-nm  Ar '  laser. 


input  intensity  (mW/'emZ) 

Fig.  3.  Transmission  of  DCF  at  488  nm  as  a  function  nf  input 
intensity. 
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SINGLETS  TRIPLETS 


Fig.  4.  Typical  energy-level  diagram  showing  the  GSA  and  ESA 
absorption  transitions.  The  wavy  arrows  indicate  intersystem 
crossing. 

that  is,  transition  from  a  lower  triplet  state  to  a  higher 
triplet  state,  in  these  samples,  as  shown  in  Fig.  4.  Hence 
we  carried  out  ESA  measurements  by  using  the  standard 
pump-probe  technique.'?  In  our  experiments  the  pump 
and  probe  beams  are  incoherent  but  are  of  the  same  wave- 
lengj^h  unless  specified.  In  these  experiments  a  weaker 
proble  beam  and  a  strong  pump  beam  irradiate  the  same 
location  of  the  sample.  The  transmitted  probe  beam  in¬ 
tensity  is  measured  during  the  absence  (/„)  and  the  pres¬ 
ence  Up)  of  the  strong  pump  beam  and  is  given  by 


/„  =  la  expi-agNl) , 

(1) 

Ip  =  lo  expl-triNi/  -  (ToNoD, 

(2) 

N  ^  No  +  Nu 

(3) 

N,  -  N//(/  -»■  /.). 

(4) 

where  /o  is  the  incident  probe  beam  intensity,  N  is  the 
number  density  of  the  dye  molecules.  I  is  the  thickness  of 
the  sample,  <ro  and  <ri  are  the  ground-state  absorption 
(GSA)  and  ESA  cross  sections,  and  No  and  Ni  are  the  num¬ 
ber  densities  of  the  dye  molecules  in  the  ground  and  ex¬ 
cited  states  in  the  presence  of  the  strong  pump  beam.  At 
the  saturation  intensity  (/,),  N\  =■  N/2.  If  ESA  occurs 
in  the  medium,  then  the  transmitted  probe  beam  inten¬ 
sity  and,  consequently,  the  absorption  will  vary.  The 
change  in  absorption  coefficient  Aa  is  obtained  from 
Eqs.  (l)-(4)  as 

Aa  =«  a,  -  Qq  =  ni(<ri  -  cto)  =•  ln(/„//p)//,  (5) 


where  ao  and  oi  are  the  absorption  coefficients  of  the 
ground  and  excited  states,  respectively.  If  cro  =■  <ri.  these 
measurements  do  not  reveal  any  evidence  for  ESA.  If 
cTi  >  (To,  then  Aa  is  positive,  and  Eq.  (4)  predicts  a  de¬ 
crease  in  the  transmitted  probe  beam  power  when  the 
pump  beam  is  turned  on,  as  in  DCF  at  488,  496.5,  and 

514.5  nm  (Fig.  5).  Thus  we  did  not  see  any  evidence 
of  saturation  behavior  in  the  transmitted  data  of  DCF 
(Fig.  3).  However,  if  cri  <  oo,  then  Aa  is  negative,  and, 
accordingly,  the  transmitted  probe  beam  power  increases 
when  the  pump  beam  is  turned  on,  as  for  RllO,  AY,  and 
DCM  at  most  of  the  ion  laser  wavelengths.  Using  this 
technique,  we  could  obtain  information  on  the  ESA  differ¬ 
ence  spectrum;  our  data  are  plotted  in  Fig.  5  for  all  the 
dyes  except  Pyridine-1,  which  did  not  reveal  any  evidence 
of  ESA.  All  these  samples  do  not  have  any  absorption 
from  the  ground  state  at  the  632.8-nm  wavelength  of  the 
He-Ne  laser.  But  when  the  pump  beam  was  at  488  nm 
and  the  probe  beam  was  at  632.8  nm,  all  the  samples 
showed  ESA,  and  in  ail,  the  transmitted  probe  beam 
power  decreased  when  the  pump  beam  was  turned  on. 
Because  oo  —  0  at  632.8  nm,  the  measurement  yields  the 
ESA  coefficient  directly.  Figure  5  indicates  that  the  ESA 
coefficients  are  less  than  the  GSA  coefficients  at  all  the 
ion  laser  wavelengths  for  DCM,  RllO,  and  AY.  For  DCF, 
the  ESA  coefficient  is  less  than  the  GSA  coefficient  at 

476.5  nm  but  is  larger  at  the  other  wavelengths  of  the  ion 
laser.  By  curve  fitting  the  transmission  data  for  fluores¬ 
cein  and  AY'®  at  476.5  nm,  they  also  saw  that  <ti  <  cto, 
and  our  experiment  demonstrates  that  inequality.  Our 
results  demonstrate  that  dyes  doped  in  solids  do  not  ex¬ 
hibit  the  expected  transmission  characteristics  of  true 
saturable  absorbers  because  of  ESA  and  dimer  formation. 

OPTICAL  PHASE-CONJUGATE  STUDIES 

From  Fig.  1  we  see  that  all  these  dyes  demonstrate  absorp¬ 
tion  at  argon-ion  laser  wavelengths,  which  facilitates  PC 
studies.  Degenerate  four-wave  mixing  experiments  have 
been  performed  in  the  standard  experimental  configura- 


Fig.  5.  ESA  difference  spectra  of  DCF  (•),  .AY  i  -  RllO  i  and 
DCM  (O). 
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Fig.  6.  Temporal  variation  of  PC  signal  in  Pyridine-1.  The  inset  shows  the  expression  used  to  fit  the  normalized  experimental  curve. 

tion,®  and  these  experiments  do  not  require  any  detailed  slower  buildup  of  the  triplet  state  ( for  example,  the  PC  sig- 

explanation.  PC  signals  were  observed  even  for  large  nal  saturated  in  approximately  30  ms  for  DCM  and 

^gular  separations  (~90°)  and  exhibited  vector  phase  156  ms  for  RllO).  The  decay  time  of  the  PC  signal  in 

conjugation,'^  and  the  reflectivities  were  -10'*.  DCF  did  not  show  any  systematic  variation  with  the  grat- 

PC  reflectivities  were  also  measured  as  a  function  of  ing  period, 
laser  wavelength.  Large  signals  were  observed  for  mod-  For  Pyridine-1  the  decay  time  was  much  longer  and  de- 

erate  absorption  of  the  input  beam,  and  no  signal  was  seen  pended  on  the  writing  time.  A  typical  decay  signal  is 

for  strong  absorption  or  for  no  absorption  at  all.  However,  shown  in  Fig.  6;  the  inset  shows  the  equation  used  to  fit 

it  was  possible  to  detect  the  same  sigpials  at  low  concentra-  the  decay,  and  the  expression  contains  more  than  one  ex- 

tions  of  the  dye.  In  DCF,  PC  reflectivities  were  measured  ponential  term.  In  some  cases  the  grating  lasted  even  for 
at  488  nm  as  a  function  of  laser  power  and  spatial  fre-  a  couple  of  days  if  the  sample  had  been  irradiated  for  an 

quency.  PC  reflectivities  were  found  to  be  inversely  pro-  optimum  length  of  time  at  optimum  power  levels.  This 

portional  to  the  pump  beam  power  and  agree  with  the  relatively  long  life  could  be  due  to  photochemical  effects 

model  of  Caro  and  Gower,"  who  predicted  the  same  type  that  occurred  in  the  material  at  a  slow  rate.  When  the 

of  variation  whenever  the  input  pump  intensity  exceeded,  transmission  was  monitored  as  a  function  of  time  it  in- 

the  saturation  intensity.  The  PC  signal  peaked  slightly  creased  for  a  couple  of  minutes  in  the  beginning,  suggest- 

at  a  spatial  frequency  of  approximately  10^  cm''.  ing  that  some  type  of  photodissociation  was  taking  place. 

Grating  growth  and  decay  times  are  measured  for  all  However,  when  the  transmission  was  monitored  for  longer 

samples.  The  grating  decay  curves  were  fitted  by  using  a  periods  of  time  no  measurable  change  was  detected  in 

single  exponential  function,  and  the  decay  times  were  transmission,  implying  that  only  a  small  fraction  of 

found  to  be  less  than  12  ms.  The  gratings  lasted  much  the  dye  molecules  may  be  undergoing  photochemical 

longer  than  the  fluorescence  lifetimes,  as  expected,  but  change  or  optical  damage.  A  typical  PC  signal  obtained 

less  than  the  phosphorescence  times,  suggesting  that  the  as  a  function  of  writing  time  is  shown  in  Fig.  7.  which 

gratings  are  population  gratings  only.  Samples  that  do  shows  oscillatory  behavior  and  suggests  that  the  number 

not  exhibit  phosphorescence  ifor  example,  DCM)  have  fast  of  oscillations  depended  on  the  laser  intensity  We  ob- 

growth  and  decay  times.  The  PC  signals  of  samples  that  served  such  oscillations  even  when  the  read  beam  was  re- 

exhibited  phosphorescence  have  fast  growth  followed  by  placed  by  a  He-Ne  laser,  thus  ruling  out  the  possibility  of 

slower  growth,  and  the  slower  growth  may  be  due  to  a  beam  feedback  into  the  laser  cavity.  We  also  observed 
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that  the  number  of  oscillations  increased  with  writing 
beam  power.  Hence  the  oscillations  could  arise  only  from 
the  Keating  effect.  At  low  input  powers  the  amplitudes  of 
successive  oscillations  are  decreased,  whereas  at  high 
input  powers  the  oscillations  are  closer  to  sinusoidal  be¬ 
havior.  We  could  not  detect  any  transfer  of  energy  from 
one  beam  to  the  other  along  the  transmitted  beam  direc¬ 
tions  because  the  magnitude  of  oscillation  is  ~10'*  that  of 
the  input  beam  strength.  Similarly  we  did  not  see  any 
self-diffraction  effects.  Decomposition  products  of  the 
dye,  if  any,  did  not  play  any  role  here  because  the  decom¬ 
posed  sample  did  not  generate  any  PC  signal.  For  thick 
holograms,  as  in  our  case,  the  diffraction  efficiency  is 
given  by'’"’^ 

7j  =«  A[sinh‘(TrA;fel/A  cos  0)  +  sin'('jrAn^/A  cos  0)],  (6) 

where  A  is  a  proportionality  constant.  The  first  and  sec¬ 
ond  terms  on  the  right-hand  side  of  Eq.  (6)  describe  the 
diffraction  efficiency  that  is  due  to  amplitude/absorption 
and  phase/refractive  index  gratings,  respectively.  The 
angle  of  the  second  term  describes  the  strength  of  the 
phase  grating  and  is  represented  by 

V  =  tr^nl/K  cos  0,  (7) 

where  0  is  the  angle  between  the  writing  beams  and  An  is 
the  change  in  refractive  index  (peak  to  valley).  Analysis 
of  the  absorption  spectrum  reveals  that  5  =•  1.1  (where  8  is 
the  normalized  detuning  parameter),  and  hence  the  contri¬ 
bution  of  the  phase  grating  to  the  nonlinearity  dominates 
the  contribution  that  is  due  to  amplitude  gratitig.  The 


contribution  of  the  phase  grating  arises  from  the  nonra- 
diative  relaxation  of  the  excited  molecules.  Pyridine- 1 
absorbs  in  the  blue  region  and  emits  in  the  red-infrared 
region  (large  Stokes  shift  of  —6000  cm"').  This  charac¬ 
teristic  implies  that  excited  molecules  are  undergoing 
nonradiative  relaxation,  and  the  energy  equivalent  con¬ 
verts  into  heat,  thus  modulating  the  refractive  index  of  he 
medium.  As  v  varies,  the  second  term  in  Eq.  (6)  and 
hence  the  diffraction  efficiency  t)  exhibits  oscillatory  be¬ 
havior.  V  varies  if  the  thickness  of  the  sample  I  varies, 
which  in  turn  changes  when  the  material  is  subjected  to 
heating.  Thermal  expansion  resulting  from  a  rise  in  tem¬ 
perature  of  I'C  was  known  to  produce  oscillations  in  the 
diffracted  signal,  and  in  the  steady  state  the  period  of  os¬ 
cillation  was  found  by  Cornish  and  Young  to  be  several 
minutes.**  They  also  observed  that  the  period  of  oscilla¬ 
tion  is  longer  for  thinner  gratings  and  vice  versa.  Our 
findings  are  similar  to  those  of  Cornish  and  Young.  At 
low  input  powers  the  rate  of  rise  in  temperature  is  low,  and 
hence  the  period  of  oscillation  is  longer.  At  high  input 
powers  the  rate  of  change  in  temperature  is  high,  and  so 
the  period  of  oscillation  decreased.  Hence  we  conclude 
that  the  oscillatory  behavior  observed  in  the  diffracted 
signal  of  Pyridine-I  is  due  to  heating  effects  only. 

THIRD-ORDER  SUSCEPTIBILITY 
MEASUREMENTS 

To  find  the  third-order  susceptibility,  one  needs  reliable 
estimates  of  saturation  intensity  and  absorption  coeffi¬ 
cients.  For  saturable  absorbers  the  absorption  coefficient 
is  a  function  of  input  laser  intensity  and  is  expressed  by** 


TIME  (MINUTES) 

Fig.  7.  PC  signal  strength  in  Pyndine-l  as  a  function  of  writing  time  for  two  different  pump  beam  powers,  lai  39  and  ( b)  SO  mW 
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INTENSITY  (mW/cm2) 

Tig-  8-  Transmission  of  AY  as  a  function  of  input  intensity  at  473  nm.  The  solid  curve  is  the  theoretical  curve  obtained  with 
ao  =>  257.2  cm'*,  oj  =•  174.6  cm"',  /,  ="  25.4  mW/cm^.  I  =•  61  #im,  and  the  sample  concentration  is  5.5  x  10**  cm'*. 


a(/)  = 


ao 

1  +  ///.’ 


(8) 


where  ao  is  the  smail-signai  absorption  coefficient  and  I, 
is  the  saturation  intensity  at  which  the  absorption  coeffi¬ 
cient  is  reduced  by  a  factor  of  2.  However,  dye-doped 
samples  do  not  obey  such  ideal  characteristics  because  of 
ESA  (^ig.  3)  and  the  formation  of  dimers  (Fig.  2),  as  dis¬ 
cussed  above.  In  condensed  media  the  GSA  coefficient  of 
the  dyes  is  gfiven  by* 


ai 


tan'‘(3S)‘^1 

(35)*'**  J  ’ 


(9) 


where  S  is  the  saturation  parameter,  given  by  5  =  I/I,. 
As  expected  from  Eq.  (8),  the  absorption  coefficient  de¬ 
creased  or  the  transmission  increased  at  high  input  pow¬ 
ers  for  DCM,  RllO,  and  AY.  A  typical  transmission  plot  of 
an  AY  sample  measured  at  473  nm  is  shown  in  Fig.  8. 
The  sample  thickness  and  concentration  of  the  dye  are 
61  /xm  and  5.5  x  10**  cm'*,  respectively.  The  solid  curve 
is  the  theoretical  curve  obtained  by  integrating 


-—  =«  -(ai  +•  aj)/  (10) 

dz 


and  fitting  with  the  experimental  data.  In  Eq.  (10)  a  2 
is  the  ESA  coefficient.  The  data  in  Fig.  8  were  fitted 
with  ao  =  257.2  cm'*,  a^  =  174.6  cm'*,  and  I,  =- 
25.4  mW/cm*.  The  ao  value  obtained  from  the  fit  closely 
agrees  with  the  measurement  of  216.5  cm'*.  Some  dis¬ 
crepancy  exists  because  the  measurement  does  not  ac¬ 
count  for  ESA.  At  473  nm  the  nonlinearity  of  AY  is  due  to 


absorption/amplitude  grating  only,  whereas  at  other  wave¬ 
lengths  it  is  due  to  a  mixture  of  amplitude  and  phase  grat¬ 
ing  contributions.  We  obtain  the  GSA  cross  section  cr  by 
using  ao  =»  Mr,  as  4.7  x  10'**  cm*.  We  estimate  its  ESA 
cross  section  at  473  nm  as  4.0  X  10'**  cm*  by  using 
Eqs.  (4)  and  (5)  and  from  the  measured  Aa  value  of 
-19.3  cm'*  when  the  pump  beam  is  set  at 
The  transmission  data  of  the  DCM  sample  (concentra¬ 
tion  =  3  X  10**  cm'*  and  thickness  =  46  /im>  is  shown  in 
Fig.  9.  The  best  fit  was  obtained  with  ao  =  53.6  cm'*. 


INPUT  INTENSITY  (X  102  mW/cm2) 

Fig.  9.  Transmission  of  DCM  as  a  function  of  input  intensity  at 
488  nm.  The  solid  c„rve  is  the  theoretical  curve  obtained  with 
On  =  53  6  cm"',  aj  =•  26.7  cm"',  /,  =-  212.7  mW/cm*  Sample 
thickness  is  46  iim.  and  concentration  is  -S  x  10'*  cm  ' 
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PUMP  BEAM  INTENSITY  (X  10^  mW/cm^) 

Fig.  10.  PC  reflectivity  of  DCM  as  a  function  of  input  power  at 
488  nm.  The  solid  curve  is  the  theoretical  curve  obtained  with 
S  =•  0.91,  Q  =•  0.3,  ao  =•  53.6  cm"',  aj  »  26.7  cm'*,  and 
1  —  46  /xm. 


INPUT  INTENSITY  (mW/cm2) 

Big.  11.  Transmission  of  DCF  as  a  function  of  input  intensity  at 
458  nm.  The  solid  curve  is  the  theoretical  curve  obtained  with 
ao  =  524  cm'*,  aj  —  285.9  cm‘‘,  /,  ”  77  mW/cm*.  The  sample 
thickness  is  69  /xm,  and  concentration  is  —6.6  x  lO'*  cm”’. 


02  =  26.7  cm”',  and  I,  =•  212.7  niW7cm*.  Its  GSA  cross 
section  at  488  nm  is  1.8  x  10"**  cm’.  These  estimates  of 
a  I  and  at  obtained  from  the  transmission  data  are  used  to 
predict  the  PC  reflectivity  and  are  then  compared  with 
the  measurements.  A  plot  of  PC  reflectivity  tis  a  function 
of  input  power  is  shown  in  Fig.  10  for  DCM  at  488-nm 
irradiation.  The  solid  curve  is  the  theoretical  fit  obtained 
by  using*’® 
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where  So  is  the  saturation  parameter  at  the  resonance* 
and  Q  is  a  numerical  factor  lying  in  the  range  0-1,  which 
accounts  for  grating  washout.  This  figure  shows  that  the 
estimates  for  /,  and  ao  are  correct,  la  was  found  to  be 
-3.68  at  488  nm.  The  corresponding  ESA  cross  section  is 
1.6  X  10'*®  cm’  when  the  pump  intensity  is  equal  to  the 
saturation  intensity.  We  also  fitted  the  transmission  data 
of  RllO  (concentration  2.6  x  10*®  cm'*  and  thickness 
31  nm)  at  501.7  nm  with  ao  =  418.7  cm‘‘, 
at  =“  264.3  cm"*,  and  I,  “  107.5  mW/cm’.  The  GSA  cross 
section  at  501.7  nm  is  15.9  x  10"*®  cm’.  Aa  was  mea¬ 
sured  to  be  -35.2  cm"*,  and  the  corresponding  ESA  cross 
section  was  estimated  to  be  13.2  x  10"*®  cm’.  The 
transmission-versus-intensity  plot  of  DCF  is  shown  in 
Fig.  11  for  458-nm  irradiation.  The  dye  concentration  is 
—6.6  X  10**  cm"’,  and  the  sample  thickness  is  69  ;xm. 
The  solid  curve  is  the  theoretical  curve  obtained  for  ao  = 
524  cm"*,  a2  =•  285.9  cm'*,  and  I,  =  77  mW/cm’.  Its  GSA 
cross  section  is  8  X  10'*’  cm’,  la  was  measured  to  be 
-147.8  cm"'  for  a  pump  intensity  of  377  mW/cm’  of 
458  nm.  The  corresponding  ESA  cross  section  becomes 
5.3  X  10'*’  cm’.  The  third-order  nonlinear  susceptibility 
was  estimated  by  using*'’® 


no’c’ao(S  +  i) 
24ir’a>/. 


(15) 


with 


S  *  (a»  —  o»o)t2  , 


(16) 


where  cu  is  the  laser  frequency,  a>o  is  the  resonance  fre¬ 
quency,  ao  is  the  low-power  absorption  coefficient,  c  is  the 
speed  of  light,  no  is  the  refractive  index  (set  to  1),  and  6  is 
the  normalized  detuning  parameter.*  t2'‘  equals  the 
half-width  at  half-maximum  of  a  homogeneously  broad¬ 
ened  absorption  transition.  The  S  values  are  0.91  for 
DCM  at  488  nm,  0.03  for  AF  at  473  nm,  0.57  for  RllO  at 
501.7  nm,  and  0.2  for  DCF  at  458  nm.  The  third-order 
susceptibilities  estimated  are  0.02  0.03i  esu  at  488  nm 

for  DCM,  0.03  +  0.96i  esu  at  473  nm  for  AY,  0.22  +  0.39i 
esu  at  501.7  nm  for  RllO,  and  0.13  +  0.63i  esu  for  DCF  at 
458  nm. 


CONCLUSIONS 

We  measured  GSA  and  ESA  cross  sections  as  well  as  non¬ 
linear  susceptibilities  in  organic  dyes.  Our  experience 
shows  that  the  fit  of  Eq.  (10)  to  the  transmission  data  con¬ 
verges  even  for  different  seta  of  values  of  the  same  pa¬ 
rameters.  However,  we  chose  only  that  set  of  values  that 
could  predict  PC  reflectivities  and  that  agreed  with  the 
ESA  measurements  made  by  the  pump-probe  technique. 
This  study  confirms  the  presence  of  ESA.  Thus,  when 
the  transmission  data  and  the  ESA  data  are  used.  ESA 
coefficients  can  be  unambiguously  measured.  Our  data 
from  the  pump-probe  technique  also  confirmed  that  the 
values  derived  for  o-o  and  <ri  from  the  saturation  data*  ’ 
were  correct.  DCM-  and  RllO-doped  samples  are  found 
to  be  chemicaUy  stable  and  lasted  for  more  than  two  years, 
whereas  the  other  samples  decomposed  after  six  months. 
We  experimentally  demonstrated  that  ESA  and  dimer  for- 
motion  were  responsible  for  the  deviation  of  transmission 
data  from  the  ideal  saturation  behavior.  The  y  *'  value 
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that  we  measured  in  DCF  is  of  the  same  order  of  magni¬ 
tude  reported  by  Kramer  et  a/.‘  in  Fluorescein.  The 
third-order  suscepiibiiiiy  of  A5f  is  larger  than  the  value 
reported  by  Tompkin  et  al}  in  lead-tin  fluorophosphate 
glass  because  the  dye  concentration  and  the  laser  wave¬ 
length  that  we  used  are  different  from  those  used  in 
Ref.  2.  It  also  appears  that  host  material  has  no  influ¬ 
ence  on  the  magnitude  of  nonlinearity.  However,  when 
the  dyes  were  doped  in  polymers  such  as  PMMA,  P\ft.,  and 
gelatin,  several  photoinduced  phenomena  (photoreduction, 
photoisomerization,  photoinduced  birefringence,  etc.) 
were  noticed.^'"^*  Our  measurements  also  suggest  that 
excited  Pyridine-1  molecules  are  undergoing  a  type  of 
photochemical  effect  or  optical  damage.  The  observed  os¬ 
cillations  in  the  PC  reflectivity  of  Pyridine- 1  were  due  to 
large  Stokes  shift,  nonradiative  relaxation  of  the  excited 
molecules.  Such  oscillations  were  not  seen  in  other  dye 
molecules,  possibly  because  of  the  absence  of  such  a  large 
Stokes  shift.  We  believe  that  our  findings  have  led  to  a 
better  understanding  of  dye-doped  systems. 
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Optical  phase  conjugation  In  polycarbonate  resin 
doped  with  Coumarin  314  dye 

B.  R.  Reddy  and  Putcha  Venkateswarlu 


Optical  phaae  conjugate  wave  generation  in  Coumarin  314-dope<i  polycarbonate  resin  is  investigated  by 
using  4S8*nm  li^t  for  wnting  the  grating  and  632.S-nm  light  for  reading  it.  The  observed  oscillatory 
behavior  of  grating  growth  as  a  function  of  writing  time  it  attributed  to  heating  effects. 

Key  words:  Phase  conjugation,  nonlinear  optics,  polycarbonate  doped  with  Coumarin  dye. 


Dyes  doped  in  condensed  media  are  considered  useful 
in  the  development  of  phase  conjugate  (PC)  optics.'"** 
LEXAN  polycarbonate  resin  is  Imown  to  be  one  of  the 
tou^est  and  most  durable  thermoplastics,  and  it  is 
transparent  in  the  visible  region  (90%  transmission) 
with  a  refractive  index  of  1.586.  It  is  highly  viscous 
in  molten  form  and  is  found  to  be  nonhygroscopic  at 
room  temperature.  After  prolonged  heating  at 
350  "C,  however,  even  an  undoped  resin  showed  some 
absorption  at  297  nm.  In  light  of  its  desirable  stable 
properties  we  thought  that  it  may  be  a  good  host  for 
the  development  of  dye-doped  PC  optics.  Therefore 
we  explored  Coumarin  314-doped  LEXAN  polycar¬ 
bonate  resin  for  PC  wave  generation,  and  we  did 
observe  it.  The  purpose  of  this  note  is  to  report  our 
hnc^ings. 

A*  measured  quantity  of  the  resin  was  placed  on  a 
microscope  slide  and  was  then  heated  at  350  ®C  for 
~  10  min.  Upon  melting,  the  resin  became  clear  ami 
viscous  and  at  that  time  a  measured  quantity  of  the 
dye  was  spread  uniformly  over  it.  Then  another 
glass  slide  was  placed  on  top  of  the  first  slide  and  the 
two  were  rubbed  against  each  other  lightly  so  as  to  get 
samples  of  uniform  thickness  (0.1  to  0.5  mm  thick, 
depending  on  the  amount  of  material  used). 

The  dye-doped  sample  showed  broad  absorption  in 
the  250— 490-nm  wavelength  region  and  a  peak  in 
fluorescence  at  490  nm  (not  shown).  For  a  typical .. 
dye  concentration  of  5  x  lO'Vcm*  and  a  sample 
thickness  of  0.21  mm,  the  low-power  absorption 
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coeflicient  and  cross  section  were  found  to  be  29.5 
cm~*  and  5.9  x  10"**  cm*,  respiectively,  at  488  nm. 
Under  Ar*  laser  irradiation  the  sample  showed  de¬ 
layed  emission  (phosphorescence  effect)  in  the  visible 
region  with  a  decay  constant  of  ~  115  2:  20  ms.  Its 
transmission  data  at  488  nm  did  not  reveal  any 
saturation  behavior.  So  the  saturation  intensity 
wM  estimated  by  using  the  relation  /,  =  hv/crr,  where 
V  is  the  laser  fluency,  cr  is  the  ground-state  absorp¬ 
tion  cross  section,  and  t  is  the  lifetime.  On  substitut¬ 
ing  for  these  values,  7,  *  6  W/cm*.  On  the  other 
hand,  these  samples  did  show  excited-state  absorp¬ 
tion  (ESA)  in  the  standard  pump-probe  configura¬ 
tion.**  Transmitted  probe  beam  power  decreased 
when  the  pump  beam  was  tum^  on.  But  the 
change  in  absorption  lAa  that  was  due  to  ESA**  was 
very  small  (/Aa  =»  0.06),  where  sample  thickness  I  = 
0.21  mm.  The  third-order  nonlinear  susceptibility 
wab  estimaLeJ  by  using  the  relation** 


no*c*ao(8  -t-  t) 
2417*0*/, 


(1) 


where  no  is  the  refractive  index  of  the  medium,  c  is 
the  speed  of  light,  oo  is  the  low-power  absorption 
coeflicient,  o*  is  the  laser  frequency,  and  5  is  the 
normalized  detuning  parameter  obtained  from  the 
absorption  spectrum.  The  value  of  ~  10"*  esu  at 
488  nm  with  oo  »  29.5  cm"*,  no  =  1.586,  and  /,  =  6 
W/cm*. 

Degenerate  four-wave  mixing  (DFWM)  experi¬ 
ments  were  performed  to  detect  an  optical  PC  wave 
by  using  the  experimental  procedure  described  else¬ 
where.**  The  PC  signal  was  found  to  have  a  long 
decay  time  constant  (~  hours)  that  is  dependent  on 
the  grating  writing  time.  Whenever  the  sample  was 
irradiated  for  ~  10  min  with  the  writing  beams,  it 
generated  diffracted  signals  even  ailer  two  days. 
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Fig.  1.  Time  dependence  of  grating  growth  in  Coumarin  314- 
doped  polycarbonate  semple  for  two  diiferent  writing  beam  powera. 
yy'  f  Grating  was  writbm  and  read  by  48S*  and  632.8-nm  laser  beams, 
respectively. 


Such  things  can  happen  only  if  there  is  a  permanent 
grating  developed  in  the  material  that  is  due  to 
photochemical  effects.  When  the  transmission  of  a 
single  input  beam  was  monitored  as  a  function  of 
time  it  kept  on  increasing  (with  a  significant  change 
at  458  nm),  suggesting  that  some  of  the  dye  molecules 
had  undergone  photochemical  effects  or  optical  dam¬ 
age.  The  time  dependence  of  grating  growth  exhib¬ 
ited  oscillatory  behavior  (Fig.  1.).  The  number  of 
oscillations  increased  with  the  laser  power.  Such 
oscillations  were  observed  even  when  the  read  beam 
was  replaced  by  a  30-mW  He-Ne  laser  (nondegener¬ 
ate  fiur-wave  mixing).  The  diffraction  efficiency  tj 
of  such  a  system  is  given  by  the  relation'* 

T]  =  const(sinh*  0i  +  sin*  02)  (2) 

j  where  the  first  zmd  second  terr*,s  are  due  to  absorp- 
tion  (amplitude)  and  refractive-index  (phase)  grat- 
i’-'J  iniSf  respectively,  and  the  angular  factors  describe^ 
%  I  the  strength  of  the  respective  gratings.  The  phase 
/  I  grating  arises  because  of  the  nonradiative  relaxation 
'  of  the  excited  dye  molecules.  The  energy  equivalent 
of  the  nonradiative  relaxation  gets  converted  to  heat 
and  that,  in  turn,  modulates  the  refractive  index  of 
the  medium.  The  strength  of  the  phase  grating  is 
given  by'* 


02  “  irAnl/  X.  cos  0,  (3) 

where  0  =  18“  is  the  angle  between  the  writing  beams 
and  An  is  the  modulation  in  the  refractive  index. 
The  thickness  of  the  sample  and  hence  02  vary  with 
temperature  (which  is  induced  by  laser  power).  The 
phase  grating  efficiency  varies  sinusoidally  with  02, 
and  hence  the  measured  diffraction  efficiency  exhibits 
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oscillatory  behavior.  A  temperature  variation  of  1  °C 
was  known  to  cause  oscillations'^  in  inorganic  materi¬ 
als.  At  higher  laser  powers  the  sample  temperature 
and  hence  02  varies  much  faster,  resulting  in  a  larger 
number  of  oscillations,  as  shown  in  Fig.  1.  This 
suggests  that  these  oscillations  are  due  to  tempera¬ 
ture  effects  only.  These  samples  were  not  damaged 
even  for  input  laser  intensities  of  14  W/ cm*. 

Experiments  were  also  performed  with  boric  acid 
and  sucrose  as  hosts.  We  found  that  polycarbonate 
samples  are  easy  to  make,  nontoxic,  nonhygroscopic, 
and  possess  a  hi^er  damage  threshold  and  therefore 
they  may  prove  to  be  better  material  for  making  PC 
devices.  In  addition  to  Coumarines  we  succcessfuUy 
doped  polycarbonate  with  several  other  dyes  like 
Rhodamines.  Some  polymers  were  known  to  encour¬ 
age  the  guest  molecules  to  undergo  photochemical 
effects*  *''®-'*  but  not  all.  Our  experience  showed 
that  the  nonlinearities  of  the  dyes  depend  on  the 
structure  of  the  dye  molecules,  and  the  role  played  by 
the  host  material  is  to  hold  the  dye  molecules  rigidly. 
Of  all  the  materials  we  tried,  polycarbonate  was 
found  to  be  the  best  host  for  dyes. 
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Abstract 


Intense  green  emission  vfas  observed  at  room  temperature  from  the  level 

3>  4 

of  Er  doped  in  a  multicomponent  oxide  glass  when  its  I  level  wzis 

9/2 

resonsuitly  excited  with  a  near  Infrared  laser  beam  of  797  nm.  Our  studies 


indicate  that  energy  transfer  and  excited  state  absorption  are  responsible  for 

the  upconverted  emission  from  the  szimple. 

( 


J6 


There  has  been  an  intense  seso'ch  for  upconversion  laser  materials  because 

of  their  possible  applications  in  several  areeis.  Upconversion  laser  action  in 

rare  earth  ions  was  detected  in  different  crystals^  at  cryogenic  temperatures 

and  in  fibers  at  room  temperature.  The  reasons  for  the  low  upconversion 

efficiency  in  crystals*  are  due  to  (1)  the  nonradiatlve  relaxation  (quenching 

and  multiphonon  decay)  of  the  energy  levels  involved  in  the  energy 

upconversion  process  and  to  some  extent  (2)  the  Boltzmann  distribution  of  the 

electronic  population.  The  adverse  effect  of  the  latter  can  be  minimized  only 

by  cooling  the  material.  If  we  Cein  select  a  system  in  which  the  effect  of 

nonradiative  relaocation  is  minimized  then  it  is  possible  to  detect  efficient 

3  + 

energy  upconversion.  Er  doped  in  different  solid  media  was  investigated  in 

3*  1 2 

the  past  for  energy  upconversion  and  laser  action  purposes.  Here  we  report 
the  results  of  efficient  energy  upconversion  in  doped  multicomponent 

oxide  glass  observed  at  room  temperature. 

We  made  a  mul ticomponent  oxide  glass  with  the  following  composition: 
»La  0  (2.3  mol*/.),  PbO  (13.7  mol*/.).  TeO  (28.7  mol7.),  MgTiO  (6.4  mol7.). 

2  3  2'  3 

SiO  (25.4  mol%),  BO  (21.9  mol%),  Ba  Y  WO  (1.6  molX).  For  this  composition 

2  2  3  3  3  9 

the  resulting  glass  has  the  desirable  optical  properties,  hes  lower  cutoff 
phonon  frequency  than  pure  silicate  glasses,  is  nonhygroscopic,  stable  and 
could  withstand  high  irradiation  powers.  The  rare  earth  ion  concentration  is 
~2.4xl0  /cm.  The  polished  glasses  are  transparent  from  405  nm  and  above.  The 
absorption  spectrum  of  Er  doped  glaiss  had  shown  peaks  in  their  expected 
positions  suid  the  levels  derived  from  it  are  shown  in  Fig.  1.  When  the 
material  was  irradiated  with  a  tunable  Ti: Sapphire  infrared  laser  of  797  nm 
^typical  power~200  mW),  it  showed  bright  gi  een  fluorescence  (F,E - >Z)  at  room 
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temperature  visible  to  the  naked  eye  (Fig.  2).  Of  course,  green  emission  was 
visible  even  for  50mW  of  focused  laser  beam. 

A  logarithmic  plot  of  upconverted  fluorescence  intensity  versus  laiser 

power  is  shown  in  Fig.  3  which  has  a  gradient  of  1.5.  This  suggests  that  more 

than  one  photon  is  responsible  for  the  population  of  the  E  levels.  A  direct 

step  wise  two-photon  excitation  of  the  type  Z---->B---->K  is  not  occurring 

because  no  emission  was  detected  from  the  K  (^H  )  or  other  states  located 

9/2 

above  the  F  state.  But,  the  ion  in  the  B  state  cam  relax  to  the  Y  level  and 
then  get  upconverted  to  the  F  state.  To  confirm  this  process,  Er 
fluorescence  was  recorded  for  two  different  concentrations  of  the  rare  earth 
ion.  For  low  Er  concentration  (~2.4xl0  /cm  ),  the  upconverted  emission  in 

the  region  520-555  (F,E - >Z)  is  about  1%  of  the  resonant  emission  at  803  nm 

(B - >Z).  On  the  other  hand,  for  high  Er^*  concentration  (~1. 9xl0^^/cm^)  the 

upconverted  emission  is  equally  intense,  while  the  resonant  emission  at  803  nm 
disappeared  completely  (not  shown).  This  suggests  that  the  only  mechamism 
responsible  for  quenching  the  B  level  population  is  the  phonon-assisted 
»i on-pair  relaxation  of  the  type. 


(B)  +  (Z)  - 

9/2  lS/2 


- >  (Y). 

13/2  13/2 


(1) 


So,  for  each  excited  ion  in  the  B  state,  two  ions  aire  formed  in  the  Y 
state.  An  observation  of  the  energy  level  structure  reveals  that  the  pump 

photon  matches  with  Z — >B  as  well  ais  Y - >F  transitions  with  a  slight  mismatch 

in  energy  which  can  be  attributed  to  the  phonons.  Because  the  Y  multiplet  is 
about  6800  cm"^  above  the  ground  state,  it  is  expected  to  have  long  lifetime, 
for  example,  the  meaisured  value  is  -13  msec  In  host.  So,  Y  state 
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population  can  be  further  excited  to  the  F  state  by  another  laser  photon  or  by 
energy  transfer  interaction  between  two  excited  ions  in  the  B  and  Y  states 
respectively.  These  two  mechanisms  can  be  summarized  by  the  equations, 


‘l  (Y)  ^ 

13/2  11/2 


and 


9/2 


13/2 


(Y) - >'Hii/a^^^  **^s/2^2^- 


(2) 

(3) 


The  ion  in  the  F  state  undergoes  multiphonon  relaxation  to  its  lower  E  state 
causing  the  latter  to  emit.  The  transition  probability  for  the  Y-F  transition 
was  found  to  be  more  than  that  for  the  B-2  transition^*  in  LaF  :Elr?*  Hence 

3 

efficient  upconversion  is  possible.  Under  steady  state  excitation  conditions 
the  population  in  the  upconverted  levels  F(E),  derived  from  a  simple  rate 
equation  model  Is  expressed  by 


N 


3 


I^N  A  A  (o-N+A  )/t'‘ 
0  02  13  to  21  3 


Ct  ‘+A  I)(T"^+(r  N  ), 

1  13  2  to 


t 


(4) 


where  N^,  N^,  aind  represent  populations  in  the  Z,  Y,  B  and  F(E)  levels, 
A^j  is  the  transition  probability  from  level  i  to  level  j,  o-^  is  the  energy 
transfer  rate  from  level  B  to  Y  and  is  the  lifetime  of  level  i. 

Since  the  upconverted  emission  is  proportional  to  the  population  in  N^, 
eq.(4)  indicates  that  it  should  be  quadratic  in  laser  pxiwer  sind  our 

•N  « 

measurements  support  this.  However,  the  slope  in  Fig.  3  is  less  than  2  because 
of  (1)  the  consequence  of  the  quenching  mechanism  represented  by  eq. (1),  where 
one  photon  is  responsible  for  the  production  of  two  ions  in  the  Y  level,  and 
to  some  extent  (2)  the  saturation  of  Y  state  population  due  to  its  long 
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lifetime.  We  also  tried  to  measure  the  temporal  evolution  of  the  upconverted 

signal  by  switching  on  the  laser  light  with  a  fast  electronic  shutter.  The 

resonant  signal  at  803  nm  grew  to  its  maiximum  value  in  about  3  msec  while  the 

548  nm  signal  showed  a  fast  rise  (~3  msec)  followed  by  a  slow  rise  (for 

another  2  msec)  which  indicates  that  energy  transfer  is  present.  The  emission 

at  526  nm  arises  because  of  the  Boltzmann  distribution/thermalization  of  the  F 

levels  from  the  E  levels.  Hence,  we  conclude  that  energy  transfer  upconversion 

as  well  as  excited  state  absorption  eire  responsible  for  the  green  emission. 

We  have  seen  such  efficient  emission  because  of  the  expected  lower  cut-off 

phonon  frequency  of  the  host  material  and  the  very  weak  multiphonon  decay  of 

the  E  state  to  its  lower  D  state  because  no  significauit  emission  was 

detected  from  the  latter.  The  *1  is  not  relaxing  to  its  lower  *I 

9/2  °  11/2 

because,  no  emission  was  seen  from  the  latter.  The  oscillator  strengths  of 
these  two  states  from  the  ground  state  were  found  to  be  comparable’®  in 
Hence,  considered  to  explain  the  upconversion  phenomenon. 

Our  studies  indicate  that  this  material  may  be  useful  for  the  development 
*of  diode  pumped  visible  lasers. 

This  research  was  supported  by  the  U.S.Air  Force  grant#  AFOSR-90-0160. 
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Figure  captions: 


Fig.  1  Partial  energy  level  diagram  of  Er^*  in  oxide  glass  derived  from  the 
absorption  spectrum.  The  A  level  was  not  covered  by  our  experiment  and  the  Y 

level  was  derived  from  the  fluorescence  spectrum.  ===>,  and - > 

indicate  laiser  excitation,  fluorescence  and  ion-pair  relaixation  transitions 
respectively. 

34. 

Fig. 2  Resonance  fluorescence  and  energy  upconversion  spectra  of  Er  doped 
oxide  glass.  The  material  was  excited  with  a  797  nm  Isiser  beam. 

Fig. 3  Power  dependence  of  the  upconverted  emission  intensity  at  548  nm. 
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Blue  and  green  emissions  were  detected  from  LaF^.Ho  when  the  material 
was  irradiated  with  a  red  or  near  infrau'ed  laiser. 


3+ 

Energy  upconversion  studies  are  performed  in  LaFg:Ho  at  room 

S  3**^ 

temperature.  When  the  of  Ho  was  resonantly  excited  with  a  near 

infrared  laser  beam  of  800  nm,  we  have  detected  upconverted  emission  from 

the  higher  ^F  ,  ^S  and  states  to  the  lower  multiplets  at  64S,  548  and 
s  2  4  g 

486  nm  respectively.  When  the  F^  level  was  resonauitly  excited  with  a 
rhodamine  8G  dye  laser  we  have  detected  resonant  emission  ais  well  as 

5  5  5 

upconverted  emission  from  S  ,  G  and  G  states  to  lower  levels.  Growth 
£uid  decay  of  the  upconverted  signals  as  well  as  their  power  dependence 
were  recorded.  All  these  results  will  be  discussed  in  detail. 

This  reseairch  was  supported  by  the  U.  S.  Air  Force  grant  No.  AFOSR-90-0160 
and  NASA,  CDDF,  PIO. 
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Summary 


Energy  upconversion  was  known  Co  occur  in  rare  earths  by  ion- ion 

interactions  and  sequential  two  photon  excitation  processes . ^  Recently 

there  has  been  a  renewed  interest  in  these  studies  after  the  development 

2 

of  upconverted  lasers.  The  phonon  spectrum  of  the  host  lattice 
influences  not  only  Che  resonant  fluorescence  quantum  efficiency  but 
also  that  of  upconverted  fluorescence  and  hence  the  laser  efficiency.  So 
far  upconverted  laser  action  was  seen  only  in  single  crystals.  To  extend 
these  studies  to  other  materials  we  prepared  sodium  borosilicate  glasses 
doped  with  neodymium.  All  the  prominent  absorption  peaks  of  Nd^^  are 
identified  in  this  host.  When  the  D  and  E  levels  are  resonantly  excited 
upconverted  violet  fluorescence  is  detected  from  the  L  levels  of  Nd^^  in 
ih&  glass  host.  These  results  will  be  discussed  in  detail. 

This  work  is  supported  by  the  Department  of  Air  Force  (grant  # 
AFOSR-90-0160) . 
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ABSTRACT 


SPECTROSCOPIC  INVESTIGATION  OF  SILICATE  GLASSES  DOPED  WITH 
CERTAIN  RARE  EARTH  IONS 

Anthony  Ololo,  M. S.  Alabama  A&M  University,  1991.  80pp. 

Thesis  Advisors;  B.  R.  Reddy  and  P.  VenJcateswarlu 

The  aim  of  the  work  is  to  prepare  Sodium  borosilicate 
glasses  doped  with  Pr^^,  Nd^^,  and  Er^^  ions  and  to  study 
their  absorption  and  fluorescence  spectra.  The  samples  have 
been  made  by  mixing  and  melting  appropriate  quantities  of  the 
chemicals  Na  CO,,  H  BO  ,  SiO  and  R  ISO  )  ,  where  R  =  Pr,  Nd, 
or  Er.  The  resulting  melt  was  cooled  to  obtain  the  glass, 
which  was  then  polished  to  reduce  scattering  from  the 
sxu'faces.  Absorption  spectra  of  the  samples  were  recorded 
using  Beckman  DB-GT  and  Perkin  Elmer  Spectrophotometers.  All 
the  energy  levels  in  the  visiole  region  were  mapped. 
Fluorescence  spectra  of  these  samples  were  recorded  using 
SPEX  and  ARC  monochromators  by  resonamtly  exciting  the 
samples  with  Ar*  laser,  Excimer  pumped  dye  lasers.  Second  and 
Third  harmonics  of  YAG  laser.  Pink  color  fluorescence  was 
detected  from  Pr^*  due  to  \  ^F  and  'd  - 

^P  levels  were  found  to  relax  nonradiatively. 

4,5,6’  1,2 

Nd^^  fluorescence  is  predominately  in  the  near  infrared 
region  anu  is  mainly  due  to  R  -  Z.  and  very  weak  emission  was 
also  seen  from  D,  C,  B,  and  S  levels.  At  liquid  nitrogen 


temperature  some  weaJc  emission  was  also  detected  in  the 
violet/blue  vra^velength  region  when  the  sajnple  was  excited 
with  488/514.5  nm  lasers.  No  fluorescence  was  detected  from 
Er^^  on  excitation  with  RfiG  dye  laser.  But  on  excitation 
with  Ar^  laser,  strong  fluorescence  was  seen  due  to  E  -  Z  and 
weaker  emission  at  527  nm  due  to  F  -  Z  was  seen.  The  F  ~  Z 
emission  at  room  temperature  wsis  due  to  thermal  izat  ion. 
However,  even  at  liquid  nitrogen  temperatvire  a  weak 
fluorescence  was  seen  at  527  nm  which  could  be  due  to  weak 
upconversion  phenomena  taking  place  in  the  material 
simultaneously  and  requires  more  work  to  fully  confirm.. 

KEY  WORDS:  rare  earth  spectra,  energy  upconversion,  glass. 


50 


Excited  state  absorption  cross  section  measurement  in  rhodcunine  6G 
tetrafluoroborate 


B.R. Reddy  and  R.  Venkateswarlu 

Alabama  A&M  University,  Department  of  Physics,  P.O.Box  1268,  Normal, 
Alabama  35762  USA 


Abstract 

Exc  i  ted  state  absorption  and  optical  phase  conjugation  have  been 
demonstrated  in  rhodamine  6G  tetrafluoroborate  doped  in  sucrose  at  514.5  nm. 

•  '  7 

Excited  absorption  cross  section  has  been  estimated  to  be  (2~0.3)xl0  cm" 

using  the  data  of  pump-probe  technique  and  saturation  measurements.  The 

c 

magnitude  of  i:'s  third  order  nonlinear  susceptibility  is  estimated  as 
(  3 -0 . 2 ) xlO  ^esu . 
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Organic  dyes  are  useful  as  laser  media  [1]  and  nonlinear  substances 
[2-7] .  In  future  dye  doped  condensed  media  may  be  useful  in  waveguide 
applications  also.  Excited  dye  molecules  always  undergo  intersystem  crossing 
from  the  singlet  states  to  the  triplet  states.  In  condensed  media  triplet 
states  possess  long  lifetimes  due  to  the  absence  of  their  quenching 
mechanisms.  Hence  a  laser  chat  is  resonant  with  the  singlet  states  is  also 
resonant  with  the  triplet  states  due  to  their  comparable  energy  spacing  and 
causes  excited  state  absorption.  This  sets  a  serious  limitation  on  the 
lasing  efficiency  and  as  well  alters  the  magnitude  of  its  third  order 
nonlinearity.  Hence  for  any  quantitative  analysis  a  meaningful  estimate  of 
ground  and  excited  state  absorption  (ESA)  cross  sections  of  the  transitions 
is  needed.  There  is  not  enough  information  on  ESA  cross  sections  in  the 
literature  [1]  .  Here  we  present  an  unambiguous  way  for  demonstrating  and 
measuring  the  excited  state  absorption  cross  section  of  organic  dyes.  We 
also  measured  the  magnitude  of  its  third  order  susceptibility  in  this  sample 
for  the  first  time. 

*  Sample  preparation  is  quite  easy.  Appropriate  quantities  of  sucrose  and 
dye  are  measured  so  that  their  molecules  are  in  the  ratio  of  lo’;l.  Sucrose 
is  heated  at  200°C  for  about  ten  minutes  and  then  the  dye  is  added,  mixed 
well  and  then  sandwiched  between  two  glass  slides.  The  thickness  of  samples 
used  in  this  study  is  -1.3  mm  and  the  concentration  of  the  dye  is 
-6 . 9x10 ^cm  ^  .  The  samples  lasted  for  several  days  in  air  conditioned 
rooms.  In  hot  (above  30^0  and  humid  rooms  the  sample  makes  a  slow 
transition  from  rigidity  to  the  syrup  state  after  couple  of  weeks  time 
because  sucrose  is  hygroscopic.  An  absorption  spectrum  showed  two  peaks  at 
-300  and  534  nm  (fig.l)  .  The  sample  exhibited  fluorescence  in  the  region 


520-700  nm  when  irradiated  with  an  excimer  laser  operating  at  308  nm.  When 
the  laser  was  suddenly  turned  off  the  sample  exhibited  much  weaker  delayed 
emission  which  lasted  for  about  2.8  sec.  This  indicates  that  the  triplet 
state  is  getting  populated  and  the  intersystem  crossing  rate/triplet  yield 
is  much  less. 

Measurement  of  transmission  data  as  a  function  of  laser  intensity 
exhibited  saturation  behavior  and  the  absorption  coefficient  was  estimated 
at  all  these  input  powers.  For  ideal  saturable  absorbers  the  absorption 
coefficient  varies  as  [8] 

a(I)  =  a  /  {l  +  I/I  )  ,  (1) 

0  s 

where  I  is  the  saturation  intensity  at  which  the  absorption  coefficient  is 

S 

reduced  by  a  factor  of  two  from  the  small  signal  value  (a  )  .  However  the 

0 

transmission  data  of  dyes  doped  in  condensed  media  deviate  from  such  ideal 

behavior  due  to  the  formation  of  dimers  [2]  and  excited  state  absorption 

[6]  .  The  kink  on  the  high  energy  side  in  the  absorption  spectrum  is  due  to 

formation  of  dimers.  A  typical  energy  level  diagram  shown  in  fig. 2  depicts 

these  transitions.  Hence  the  absorption  coefficients  and  the  saturation 

intensity  were  estimated  by  numerically  integrating  the  equation 

dl  =  -  (a  +  a  )  I  ,  (2) 

dz  ^  ^ 


and  fitting  with  the  experimental  data.  In  the  above  a  and  a_^  are  the 
ground  and  excited  state  absorption  coefficients.  For  a  linearly  polarized 
laser  beam  the  ground  state  absorption  coefficient  is  given  by  [6] 


-  1 

a  1  -  tan  !  3  s 

0  c  - s 

!  3  s 

s 


where  s  is  the  saturation  parameter  given  by  s=I/I  The  percentage 
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transmission  of  the  sample  is  plotted  as  a  function  of  input  laser  intensity 
in  fig. 3.  The  solid  curve  is  the  theorecicai  fit  obtained  for  a  =  9.4  cm’\ 
a  =  7.5  cm  and  I  =109  mW/cm  .  We  fitted  such  theoretical  curves  to 

2  s 

different  sets  of  transmission  data  of  the  same  sample.  The  mean  values  of 
these  parameters  are  a  =  10-0.6  cm‘\  a  =  6.5-1  cm'"  and  I  =107-2  mW/cm'  and 

0  2  s 

the  uncertainties  are  the  standard  deviations.  Our  estimates  are  reliable 

because  the  low  power  absorption  coefficient  (a  )  estimated  from  the  fi't 

0 

agrees  with  the  mean  value  of  the  measurements,  since  the  concentration  of 
the  dye  molecules,  N  is  known  the  ground  state  absorption  cross  section,  r 
is  estimated  using  a=Nr,  as  (1 . 45-0 . 08) xlO  ‘  '  cm^  Under  steady  state  the 

population  in  the  excited  state,  n^  is  given  by  [2] 
n  =NI/ (I  +  I  )  .  (4) 

2  3 

For  an  input  intensity  of  90.  S  mW/cm^,  n  =3 . 16x10  ‘  "^cm' ^  When  a  =6.5  cm’"  the 

2  2 

corresponding  excited  state  absorption  cross  section  r^  becomes 
(2-0.3)xl0'^''  cm^ 

Since  the  metastable  triplet  state  is  populated  in  intersystem  crossing 
it  should  be  possible  to  experimentally  demonstrate  excited  state  absorption 
(^SA)  using  the  standard  pump-probe  configuration  [9]  In  this  experiment 
incoherent  pump  and  probe  beams  at  514.5  nm  irradiate  the  same  location  of 
the  sample.  The  transmitted  probe  beam  power  is  measured  during  the  absence 
and  presence  of  a  strong  pump  beam. 

I  =  I  exp(-r  N  1)  (5) 

u  3  1 

I  =■  I  exp  (-rnl-rnl)  (6) 

p  3  11  2  2 

where  1  is  the  thickness  of  the  sample,  I  is  the  incident  probe  beam  power, 

I  and  I  are  the  transmitted  probe  beam  intensities  during  the  absence  and 

u  p 

presence  of  the  strong  pump  beam,  n  and  n  are  the  populations  in  the 
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ground  and  excited  states  and  and  are  the  ground  and  excited  state 
absorption  cross  sections.  The  transmitted  probe  beam  power  increased  when 
the  pump  beam  was  turned  on.  The  change  in  absorption  coefficient  is  given 
by 

Da  =  a  -  a  =  n  (r  -  r  )  =  ln(I  /I  )/l  ,  (7) 

2  12  2  1  J  P 

Da  was  estimated  for  different  input  powers  and  was  found  to  be  negative. 
This  indicates  that  r  <  r  .  Da=-0.34  when  the  pump  beam  intensity  is  of  90.5 

2  I 

mW/cm^  By  substituting  for  n^ ,  r^  and  Da  into  eq.  (5)  r^  is  estimated  as 
1 . 34x10 '  ^  ^cm^  Da  was  measured  at  several  pump  beam  intensities.  The  mean 

- 17  2 

estimate  for  r  =  (l . 2-0 . 14) xlO  cm.  This  value  is  comparable  to  that 
2 

obtained  from  curvefitting  of  the  transmission  data  (fig. 3) . 

Degenerate  four  wave  mixing  (DFWM)  experiments  were  performed  with  an 
Ar*  laser  in  the  standard  retroref lected  configuration  to  detect  phase 
conjugate  (PC)  signals  [7].  PC  signals  were  generated  with  514.5  nm  laser 
wavelength  only  because  the  other  argon  ion  laser  wavelengths  are  not 
falling  in  the  ' absorption  spectrum  of  the  sample.  PC  reflectivities  are 
-10  ^  but  the  required  input  powers  are  about  50  mW  in  this  configuration 
which  is  due  to  less  triplet  yield.  PC  signals  were  found  to  be  exponential 
and  decayed  with  a  time  constant  of  137  msec  (fig. 4).  This  clearly  suggests 
that  PC  signals  lasted  only  so  long  as  there  exists  population  in  the 
excited  state.  The  expression  used  to  fit  the  signal  is  shown  in  the  inset. 
The  first  term  represents  the  background  due  to  scattered  light  and  its 
magnitude  was  found  to  be  correct. 

The  third  order  nonlinear  susceptibility  v  '  is  estimated  by  using  [6i 
V  ^'  =  n“c^a  (d+i) /24p''xl  ,  O) 

3  3 

where  n  is  the  refractive  index,  c  is  the  speed  of  light,  x  is  the  laser 
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frequency  and  d  is  the  normalized  detuning  parameter  given  by 
d=(x-x)s,  (9) 

3  2 

where  x  is  the  the  resonance  frequency  and  s  '  equals  half -width  at  half 

3  2 

maximum  of  a  homogeneously  broadened  absorption  transition.  The  absorption 

transition  was  assumed  to  be  homogeneous  in  this  case,  d  was  estimated  to  be 

0.7.  The  refractive  index  at  514.5  nm  is  estimated  using  the  relation 

n^-A+Bk  -Dk,  (10) 

k^-  C 

where  A,  B,  C  and  D  are  the  sellmeier's  constants  [10]  and  k  is  the  laser 
wavelength.  Since  the  sucrose  sample  is  amorphous,  an  average  value  for 
n=(n  +  n  +  n  )/3  was  obtained  as  1.56.  By  substituting  the  values  for  n,  a  , 

X  y  z  2 

( 3 )  "2 

I  and  d  into  Eq. (6),  v  is  estimated  as  2 . 4 ( 0 . 7+i) xlO  esu  whose 

S 

magnitude  is  -  (3-0 . 2) xlO ' ^  esu.  This  value  is  much  smaller  when  compared  to 
that  of  fluorescein  [6]  because  of  the  small  absorption  coefficient  and 
large  saturation  intensity.  The  absorption  coefficient  is  smaller  because 
the  laser  wavelength  falls  in  the  wing  of  the  absorption  spectrum.  The 
saturation  intensity  is  much  higher  because  the  intersystem  crossing 
rate/triplet  yield  is  much  less. 

We  have  demonstrated  optical  phase  conjugation  in  sucrose  doped  with  R6G 
tetraf  luoroborate  that  was  not  studied  in  the  past  and  measured  its 
nonlinearity.  The  PC  reflectivities  (-10  ')  of  this  sample  are  a  factor  of 
10  more  than  those  measured  in  boric  acid  host  [11]  .  Thicker  samples  of 
sucrose  can  be  prepared  easily  while  that  is  not  possible  with  boric  acid 
glass  [6]  .  The  performance  of  this  host  material  is  as  good  as  any  other 
host  except  for  its  long  term  stability.  Our  measurements  indicate  that 
sucrose  sample  is  certainly  useful  as  a  host  to  characterize  organic  dyes 
for  nonlinear  optical  phenomena.  Excited  state  absorption  measurements  are 


useful  in  characterizing  the  efficiency  of  laser  dyes  and  of  dye  doped 
waveguides  because  ESA  limits  their  efficiency.  We  have  discussed  two 
different  approaches  to  estimate  ESA  cross  sections.  There  is  not  much 
information  about  ESA  cross  sections  in  the  literature.  Hence  sucrose 
material  is  particularly  suitable  to  measure  the  much  needed  excited  state 
absorption  cross  sections  of  laser  dyes. 
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FIGURE  CAPTIONS 


Fig.l  Absorption  and  fluorescence  spectra  of  sucrose  doped  with  R6G 
tetraf luoroborate . 

Fig.  2  Par  tial  energy  level  diagram  of  a  typical  dye  molecule  showing  the 
ground  and  excited  state  absorption  transitions. 

Fig. 3  Transmission  of  the  dye  doped  sample  as  a  function  of  the  incident 
intensity. 

Fig. 4  Phase  conjugate  signal  decay  in  the  dye  doped  sucrose  sample. 
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Abstract 

Sodium  borosilicate  glasses  were  prepared  with  Pr^*,  Nd^*  and  Er^*as 
dopants.  Refractive  index  of  the  pure  glass  was  found  to  be  1.49+0.01.  The 
absorption  and  laser  excited  fluorescence  spectra  of  the  rare  earth  ion  doped 
materials  were  recorded  to  understand  their  relaxation  mechanisms.  Energy 
upconversion  efficiency  is  found  be  very  weak  due  to  nonradiative  relaxation 
of  the  excited  levels. 

Introduction 

Rare  earth  ion  doped  solids  have  been  studied  extensively^  because  of 

their  suitability  in  the  development  of  lasers.  Rare  earth  ions  also 

2 

generate  upconverted  emis^lm  due  to  sequential  multiphoton  excitation 
(single  ion  process)  or  energy  trans^'er  interaction  (multi-ion  process). 
Recently  upconverted  lasers  were  ae’'eloped  in  different  crystals  and  fibers 

3 

doped  with  rare  earth  ions.  So  there  has  been  a  renewed  interest  to  look 
for  different  materials  which  can  upconvert  energy.  In  an  effort  to  identify 
new  upconversion  materials  we  prepared  sodium  borosilicate  glasses  doped  with 
rare  earth  ions  and  performed  optical  studies  of  these  materials. 


64 


Sample  Preparation  and  Characterization 

The  starting  materials  used  were  Na  CO  ,  H  BO  ,  SiO  and  R  (SO  )  , 

23  33  2  243 

where  R  is  a  rare  earth  element.  At  higher  temperatures  these  chemicals  were 
known  to  oxidize/pyrol ize  to  the  corresponding  oxides.  Boric  acid  was  added 
to  reduce  the  viscosity  of  the  melt.  These  chemicals  were  ground,  mixed 
thoroughly  and  heated  in  a  box  furnace  using  an  aluminum  crucible  in  ambient 
atmosphere  at  800°C  for  two  hours,  and  at  1350°C  for  another  two  hours,  and 
then  the  melt  was  allowed  to  cool  naturally  in  aluminum  molds.  The  resulting 
glass  is  highly  trainsparent ,  hcird  auid  nonhygroscopic.  They  are  polished 
using  silicon  carbide  (grit  600),  aluminum  oxide  (9.5  micron)  and  iron  oxide 
(3  micron)  powders  for  15  minutes  with  each  powder  on  each  face  in  that 
order.  When  the  glass  was  viewed  under  polariscope  it  exhibited  a  fringe 
pattern  characteristic  of  strain.  Nonetheless,  these  glasses  were  not 
annealed  because  it  did  not  affect  our  measurements.  Based  on  the  the 
selected  quantities,  the  glass  is  expected  to  have  the  following  composition: 
Na^0(13.6  mol%),  Si0^(24  mol7.),  B^0^(62.  4  moT/).  When  the  sample  surface  was 
observed  for  elemental  analysis  using  a  scanning  electron  microscope  and 
energy  dispersive  X-ray  analysis  technique,  it  revealed  a  peak  corresponding 
to  aluminum  in  addition  to  those  of  other  elements.  Aluminum  must  have  come 
from  the  crucible  because  the  starting  chemicals  did  not  contain  it. 
However,  A1  0  was  known  to  strengthen  the  glass.  Refractive  index  of  an 

2  3 

undoped  glass  prism  was  measured  using  the  angle  of  minimum  deviation 
technique^  with  a  prism  spectrometer.  Refractive  index  r)  is  computed  using 
the  relation 
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(13 


T7  =  Sin(a+6^)/2 
Sin  a/2 

where  a  (60°)  is  the  refracting  angle  of  the  prism  and  5^  is  the  angle  of 
minimum  deviation.  The  mean  refractive  index  is  found  to  be  1.49±0.01  and 
remained  the  same  in  the  whole  visible  region  (measured  at  Ar^  and  He-Ne 
laser  wavelengths).  Pure  glass  also  exhibited  very  weak  emission  when 
excited  with  a  R6G  dye  laser  which  may  be  due  to  impurities  present  in  the 
host  glass  material  or  the  host  glass  itself.  The  concentrations  of  these 
elements  are  very  low  and  hence  were  not  detected  in  the  X-ray  analysis. 
However  the  signals  due  to  the  rare  earth  impurities  are  several  orders  of 
magnitude  larger  than  those  due  to  the  other  impurities. 

Absorption  Spectra 

Absorption  spectra  of  the  rare  earth  doped  samples  were  measured  using 

Perkin-Elmer  and  Beckman  spectrophotometers.  A  pure  glass  was  used  as 

reference.  The  absorption  spectra  of  Pr  ,  Nd  and  Er  are  shown  in  figs. 

1-3.  All  the  characteristic  peaks  of  these  elements  are  present  in  their 

expected  positions.  Absorption  due  to  host  glass  is  below  340  nm.  The 

spectra  of  rare  earths  is  due  to  transitions  within  the  f"  electronic  energy 

levels.  The  crystal  field  splitting  is  less  than  the  strength  of  the 

spin-orbit  coupling.  Hence  the  centers  of  gravity  of  these  multiplets 

approximately  remain  the  same.  The  identification  of  the  transitions  is  done 

1  ,  B 

by  comparing  the  spectra  with  those  observed  in  the  other  host  materials. 
The  transitions  are  identified  in  tables  1-3. 
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Fluorescence  Spectra 

7 

Excited  ions  relax  radiatively  and  nonradiat i vely.  The  nonradiative 
relaxation  is  of  two  types  (1)  phonon/multi -phonon  decay  and  (2)  ion-ion 
interactions.  The  former  depends  on  the  energy  gap  between  the  energy  levels 
and  the  cut-off  phonon  frequency  of  the  host  lattice  and  exhibits  temperature 

7 

dependence.  Multiphonon  decay  was  observed  even  when  the  energy  gap  was 
matched  with  six  phonons.  The  energy  transfer  efficiency  depends  on  the 
energy  gap  matching  of  the  ion-pair  transitions,  nature  of  the  coupling 

g 

between  the  interacting  ions  and  on  inter-ion  separation. 

We  have  used  Ar*.  second  and  third  harmonics  of  YAG: Nd^*  and  dye  lasers 
to  induce  fluorescence  in  the  glasses.  The  sample  fluorescence  was  processed 
by  aui  Acton  Research  Corporation  triple  grating  monochromator  equipped  with 
R928  photomultiplier  tube  (PMT)  or  a  SPEX  double  monochromator  fitted  with 
R943-02  PMT.  The  PMT  output  was  amplified  and  then  plotted  on  a  strip  cheirt 
recorder.  To  measure  the  time  dependence  of  the  signals  the  samples  were 
irradiated  with  an  excimer  pumped  dye  laser.  The  PMT  output  was  given  to  an 
oscilloscope  to  observe  the  transient  signals  and  then  1/e  decay  time  was 
directly  measured  from  the  scope  display.  Fluorescence  was  recorded  when  the 
sample  was  at  room  temperature  (RT)  as  well  as  at  liquid  nitrogen  temperature 
(LNT). 

Pr^*  Fluorescence 

1  3 

With  580  nm  excitation  we  have  seen  three  bands  at  601.7  (  ) , 

698  4  ('d  —  )  and  805.3  nm  ( ).  On  excitation  with  476.5  nm  we 

2  5  2  6 

3  3  3  1  3 

have  seen  fluorescence  from  P^  to  H  D  to  H  .  In 

0  4,5,6  2,3,4  ^  D 


summary, 


levels  are 


^  T  -7 

fluorescence  is  seen  only  from  D  and  P  and  P 

2  0  1,2 

3  3 

relaxing  nonrad i at ively  to  P^.  In  this  material,  P^  state  is  undergoing 

some  nonradiative  relaxation  to  which  was  absent  in  LaF  due  to  lower 

2  3 

7 

cut-off  phonon  frequency  in  the  latter. 

3  ♦ 

Nd  Fluorescence 

In  general  fluorescence  is  detected  from  the  R  and  S  levels  only 
whenever  the  energy  levels  higher  to  them  were  excited  (fig. 4).  The  energy 
gap  between  the  R  and  S  levels,  AE=  900  cm  V  The  population  ratio  of  the 
levels  S/R  ~  exp  (-AE/kT)=0. 012,  where  k  is  the  Boltzmann  constant.  The 
oscillator  strengths  of  S — >Z  and  R — >Z  in  LaF^  are^  3.49  and  1.09 
respectively.  If  we  assume  the  same  oscillator  strengths  to  be  valid  for 
this  glass  host  then  the  intensity  ratio  of  S — >Z  to  R — >Z  transitions  is 
~1:25  and  the  measurement  is  in  agreement  with  the  predicted  ratio.  In  such 
a  case,  the  S  level  population  exists  so  long  as  there  is  population  in  the  R 
level.  Accordingly,  the  lifetimes  of  the  S  and  R  levels  were  found  to  be 
equal  and  was  -265  /usee.  When  the  material  was  cooled,  the  S — >Z  emission 
intensity  decreased.  Hence,  at  RT  the  emission  of  S  levels  is  due  to 
Boltzmann  distribution/thermalization  only.  However,  at  high  incident  laser 
powers  we  did  find  fluorescence  from  B,  D  and  E  levels  also.  When  the  sample 
was  irradiated  with  355  nm  (TH  of  YAG)  we  did  observe  violet/blue  emission 
from  Nd^*  in  the  380  -  453  nm  region.  Hence,  it  may  be  possible  to  upconvert 
energy  in  this  material. 
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Fluorescence 

No  fluorescence  was  seen  when  the  material  was  excited  with  R6G  dye 

laser.  Emission  was  always  seen  from  the  E  and  B  levels  at  870  nm  (E - >Y) 

and  820  (B - >Z)  whenever  any  level  above  E  was  excited.  On  excitation  with 

488  nm,  we  have  observed  fluorescence  from  G — Z  (very  weadc),  F — Z  (medium 

intensity)  and  E — Z  (strong)  at  500,  527  and  546.6  nm  respectively  (fig. 5  ). 
The  energy  gap  between  the  E  zind  F  levels  is  743  cm"^.  For  small  energy  gaps 
the  upper  level  was  not  known  to  radiate  but  relaixes  nonradiatively.  At  RT 
the  Boltzmainn  distribution  predicts  a  population  ratio  of  the  levels,  F/E  ~ 
0.026.  The  oscillator  strengths  of  Z — F  and  Z — E  are  found^  to  be  11.03  emd 
0.34  respectively  in  LaF^iEr  .  If  we  assume  the  same  values  of  oscillator 
strengths  to  be  valid  for  this  material  also,  then,  the  expected  ratio  of 
their  fluorescence  transitions  is  ~0.8.  In  our  measurements  the  intensities 
of  the  peaks  are  in  the  ratio  of  0.4.  Such  a  deviation  is  expected,  because, 
(1)  in  our  estimation  we  assumed  a  constant  energy  gap  of  ~743  cm  ^  between 

the  levels  E  and  F,  while  the  electrons  are  distributed  among  all  the  Stark 

components;  (2)  the  oscillator  strengths  au'e  only  approximate  for  this 
material  and  not  accurate  and  (3)  the  detector  (R928)  sensitivity  decreased 
by  3%  at  546  nm.  A  plot  of  peak  intensity  of  527  nm  versus  laser  power 
revealed  linearity  suggesting  taht  a  single  photon  is  involved  in  the 
generation  of  527  nm.  At  LNT  the  emission  from  the  F  level  was  not  absent 
but  was  very  weak  possibly  because,  the  material  might  not  be  exactly  at  LNT 
due  to  improper  contact  with  the  cold  finger  of  the  cryostat.  Hence,  the  F 
and  G  levels  are  populated  by  thermal izat ion  only.  On  excitation  of  the 
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material  with  355  nm,  we  did  observe  emission  in  the  region  350-450  nm. 

Energy  Upconversion 

Energy  upconversion  occurs  by  excited  state  absorption,  sequential 

multiphoton  excitation  (single  ion  process)  and/or  energy  transfer 
2  10 

interaction. ’  Rare  earth  ion  doped  materials  are  favorable  for  such 

Interactions  because  of  their  complex  energy  level  structure  and  a  photon 

that  is  resonant  from  the  ground  state  may  also  be  resonant  from  an  excited 

3+ 

state.  We  have  detected  weak  upconverted  emission  from  the  L  levels  of  N!d 
in  sodium  borosilicate  glass  (fig. 6)  when  its  E  levels  were  resonantly 
excited  with  514.5  nm  (the  sample  was  at  cryogenic  temperature).  The  excited 
ion  relaxes  to  the  longlived  R  levels  which  is  then  picked  up  by  another 
photon  to  L  levels.  The  energy  gap  between  the  L  and  K  multiplets  -2000 
cm"\  hence  the  former  tends  to  relax  nonrad i at ively  and  hence  no 

upconverted  emission  was  detected  at  RT.  The  intensity  of  the  upconverted 
signals  depended  on  the  spatial  location  of  the  exciting  beam  in  the 
material.  We  also  observed  energy  upconverted  emission  from  the  E  levels  of 
Er^*  in  sodium  borosilicate  glass  (fig. 7).  when  its  B  levels  were  resonantly 
excited  with  a  near  IR  laser  of  800  nm  at  room  temperature.  The  excited  ion 
in  the  B  level  relaxes  to  the  Y  level  which  is  then  picked  up  by  another 
photon  to  a  higher  level,  F.  The  energy  gap  between  the  E  and  D  levels  is 
-3000  cm*'  (larger  than  in  Nd^*)  hence  the  multiphonon  decay  rate  is  lower 
than  for  the  case  of  Nd^*.  So,  upconverted  emission  was  detected  in  Er^  at 
RT  while  it  was  absent  in  Nd^*  at  RT.  In  general,  the  upconverted  emission 
is  too  weak  because  of  the  high  nonradiative  relaxation  rate  of  the  excited 


levels^  due  to  large  cut-off  phonon  frequency  expected  for  this  host,  due  to 
the  presence  of  lighter  elements  like  boron,  silicon,  sodium,  oxygen  and 
hydrogen  in  the  starting  chemicals.  To  improve  the  upconversion  efficiency 
one  has  to  select  a  glass  composition  of  heavy  metallic  elements,  so  that  the 
cut-off  phonon  frequency  is  lower.  Our  results  indicate  that  for  energy 
upconversion  purposes,  only  those  materials  posessing  low  cut-off  phonon 
frequency  are  suitable^  In  a  glass  there  is  no  long  range  order.  So,  the 
number  of  lighter  elements  in  the  vicinity  of  rare  earth  ion  site  will  vary 
depending  on  the  spatial  location.  An  excited  ion  surrounded  by  heavy 
elements  tends  to  relax  radiatively  rather  than  nonradiat ively.  That  is  the 
reason  why,  the  upconverted  emission  intensity  depended  on  the  spatial 
location  of  the  laser  beam. 

This  research  was  supported  by  U.S  Air  Force,  grant  #  AFOSR-90-0160. 
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Figure  Captions 


(1)  Absorption  Spectrum  of  Pr^*  in  Sodium  borosilicate  glass. 

(2)  Absorption  Spectrum  of  Nd^*  in  Sodium  borosilicate  glass. 

(3)  Absorption  Spectrum  of  Er^*  in  Sodium  borosilicate  glass. 

(4)  Fluorescence  Spectrum  of  Nd^*  in  Sodium  borosilicate  glass. 

(3)  Fluorescence  Spectrum  of  Er^*  in  Sodium  borosilicate  glass. 

(6)  Energy  upconverted  spectrum  of  Nd^*  in  Sodium  borosilicate  glass 

(7)  Energy  upconverted  spectrum  of  Er  in  Sodium  borosilicate  glass 
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Table  1  Absorption  Spectrum  of  Pr^*  in  Sodium 
Boros ilicate  Glass 


TrEuisition 

Wavelength  Energy  Initial  -  Final  Relative 

(nra)  Level  Level  Intensity 

(cm  ) 


444 

22,516.2 

H 

4 

470 

21,270.7 

II 

482 

20,741. 1 

•* 

590 

16,944. 5 

M 

939 

10,646.7 

II 

M 


Medium 

Medium 

Medium 

weaJc 


964 


10,370.6 


Medium 


Tabie2 


Absorption  Spectrum  of  Nd^"^  in  Sodium 
Borosilicate  Glass 


Transition 

Wavelength 

Energy 

Initial 

-  Final 

Dleke’  s 

Relative 

( nm) 

(cm  ^  ) 

Level 

Level 

Notation 

Intensity 

351 

28. 481. 9 

9/2 

1/2 

L 

Shoulder 

357 

28,003.2 

M 

3/2 

L 

Strong 

429 

23.303.5 

II 

1/2 

I 

Weak 

460 

21.733. 1 

** 

*G 

11/2 

G 

Weak 

471 

21.225.5 

II 

3/2 

G 

Weak 

474 

21.091.2 

tt 

9/2 

G 

Weak 

511 

19,564 

M 

^G 

9/2 

F 

Medium 

524 

19,078. 4 

*' 

*G 

7/2 

E 

Strong 

581 

17,207 

^G 

5/2 

D 

Strong 

626 

15,970 

II 

11/2 

C 

Very  weak 

679 

14,723.5 

" 

*F 

9/2 

B 

Medium 

738 

13,546. 4 

II 

^S 

3/2  • 

A 

Strong 

745 

13,419 

II 

V 

7/2 

A 

Strong 

794 

12,591 

II 

V 

s/2 

S 

Strong 

800 

12,496.6 

II 

*F 

5/2 

S 

Strong 

862 

11,597.  8 

II 

V 

3/2 

R 

Weak 

872 

11,451.6 

•  1 

V 

3/2 

R 

Weak 

950 


10,S23.4 


Table  3  Absorption  Spectrum  of  in  Sodium 

Borosilicate  Glass 


Transition 


Wavelength 

(nm) 

Energy 

(cm  ^ ) 

Initial 

Level 

Final 

Level 

Dieke’  s 
Notation 

Re  1  at  i  ve 
Intensity 

341 

29. 343 

Shoulder 

357 

28.003.2 

15/2 

7/2 

0 

Weak 

365 

27. 389. 5 

■■ 

h. 

lS/2 

^G 

9/2 

N 

Medium 

377 

26.517.7 

•1 

^G 

n/2 

L 

Strong 

408 

24,502.9 

i* 

9/2 

K 

Weak 

450 

22.216 

II 

*^5/2 

I,H 

Weak 

487 

20.528.2 

■■ 

V 

7/2 

G 

Medium 

521 

19, 188. 5 

11/2 

F 

Strong 

542 

18. 445. 1 

•• 

• 

3/2 

E 

Very  weak 

574 

17, 416.78 

Nd^"^ 

581 

17. 207 

Nd^"^ 

650 

15,380.4 

" 

'f 

9/2 

D 

Medium 

742 

13,473.4 

B 

Weak 

801 

12,481 

9/2 

A 

Weak 

976 

10.241.  1 

II 

11/2 

Weak 

WAVELENGTH  (nm) 


LENGTH  (nm) 


488  572 

WAVELENGTH  (nm) 
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Abstract 

3  + 

When  the  D  levels  of  Ho  in  were  resonantly  excited  with  a  red  dye 

laser  betun  of  640  nm  blue  and  green  emission  was  detected  from  the  J,  F  and  E 

levels  at  416,  485  and  546  nm  respectively.  Excited  ion  in  the  D  state  is 

undergoing  nonradiative  relaxation  to  the  A  state  and  then  is  getting 

upconverted  by  another  photon  to  the  J  state.  The  upconversion  efficiency 

-4 

into  the  F  state  was  estimated  as  -5.7x10  .  We  also  observed  energy 

upconverted  emission  from  the  F  and  E  levels  when  the  phonon  coupled  levels 
of  of  the  B  state  were  excited  with  800  nm  near  infrared  laser.  The 
absorption  of  a  second  laser  photon  from  the  A  state  was  found  to  be 
responsible  for  the  upconverted  green  emission. 
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Introduction 

Sequential  two-photon/multi -photon  excitation,  energy  transfer 

interaction,  and  excited  state  absorption/avalanche  absorption  were  found  to 

be  responsible  for  the  production  of  energy  upconverted  emission  in  rare 

earth  ion  doped  crystals?  Rare  earth  ion  doped  materials  were  investigated 

extensively  because  of  their  use  in  the  generation  of  laser  sources, 

luminescent  materials,  detection  of  infrared  radiation  and  recently  for  the 

2 

production  of  upconversion  lasers.  However,  the  efficiency  of  upconverted 
lasers  was  limited  by  nonradiative  relaxation  of  the  excited  and  upconverted 
energy  levels  and  Boltzmann  distribution  of  electronic  population.  Boltzmann 
distribution  can  be  minimized  by  cooling  the  material.  Upconverted  emission 


intensity  will  be  significant  if  the  host  material  has  low  cut-off  phonon 
frequency  and  wide  energy  gap  between  the  upconverted  energy  level  and  its 
next  lower  level.  There  is  an  energy  gap  of  -3000  cm  ^  between  the  E  and  D 
levels  of  Ho^*  and  the  cut-off  phonon  frequency^  of  LaE^  about  350  cm 
Also,  Z-D  energy  gap  is  comparable  with  that  of  A-J.  Hence  LaF^: Ho^  is  an 


ideal  system  to  pursue  energy  upconversion  studies. 


Energy  upconversion  in  Ho  *  was  studied  earlier  in  doubly  doped 


crystals,  glasses,  fibers  and  other  crystals. 


Ours  is  the  first 


observation  in  LaF  :Ho  and  is  the  most  efficient  system  for  energy 

3 


upconversion. 

♦ 

The  crystals  used  in  the  study  were  obtained  f  ron  Optovac.  An  Ar 
pumped  CW  dye  laser  and  a  Ti; Sapphire  laser  were  used  to  excite  the  material. 
A  medium  resolution  monochromator  was  used  to  process  the  signals  and  was 


detected  by  a  R928  photomultiplier  tube.  The  PMT  output  was  amplified  and 

then  given  to  a  picoammeter  and  a  chart  recorder.  In  all  these  measurements 

the  sample  was  at  room  temperature. 

Near  infrared  to  blue  energy  upconversion 

12  3  ♦ 

A  typical  energy  level  diagreijn  of  Ho  in  is  shown  in  Fig.l.  The 

dye  laser  excited  fluorescence  is  identified  with  solid  lines  and  the 
infrared  laser  excited  fluorescence  is  identified  with  dashed  lines.  When  the 
crystal  is  exposed  to  the  800  nm  radiation,  we  detected  bright  green  emission 
from  the  material  and  is  visible  to  the  naked  eye  even  for  40  mW  of  the  laser 
beam.  The  resulting  fluorescence  was  analyzed  and  found  to  arise  from  the  E 
and  F  levels.  The  800  nm  laser  excites  the  phonon  coupled  levels  of  the  B 
state  but  is  also  in  resonance  from  the  excited  state  A  to  the  F  state.  A 
plot  of  the  fluorescence  versus  laser  power  exhibited  a  gradient  of  1.5. 
Hence,  at  least  two  photons  are  responsible  for  the  production  of  green 
emission.  A  direct  two  photon  excitation  is  not  possible  because  of  the 
restriction  &J£2.  A  step-wise  excitation  of  the  type  Z — >B — >J  is  not 
happening  because,  no  emission  was  seen  from  the  J  state  with  near  infrared 
laser  pumping.  The  last  alternative  left  out  is  for  the  excited  ion  to  relax 
to  the  A  state  and  then  get  excited  to  the  G  state.  In  this  case,  the  800  nm 
photon  is  resonant  with  the  A — >G  transition  also.  The  transition 
probability  for  the  A — >G  is  about  three  times  more  than  that  from  Z — >B. 
The  G  state  relaxes  to  the  F  and  E  sates  in  cascade  which  emit  the  blue,  485 
nm  (F-->Z)  and  green  546  nm  (E — >Z)  radiation.  The  population  in  the  A  state 
saturates  at  high  laser  intensities  because  of  its  long  lifetime  5  msec 
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13  -  1  3 

(estimated  using  the  radiative  rate  of  106  sec  and  nonradiative  rate  of 
80  sec  Hence  the  the  upconverted  emission  exhibits  a  gradient  of  1.5  in 

the  power  dependence.  With  800  nm  excitation,  growth  and  decay  were 
monitored  at  different  emission  wavelengths  by  turning  the  laser  on  and  off 
with  a  fast  light  shutter.  The  resonant  signals  have  grown  and  decayed 

within  the  response  time  of  the  electronic  shutter  ~3  msec.  The  signals  at 
488  and  540  nm  grown  to  the  maximum  value  in  about  2?  msec.  This  is  the  ti.me 
required  for  the  population  in  the  A  state  to  reach  the  steady  state  value. 
Red  to  blue  energy  upconversion 

When  the  D  levels  were  resonantly  excited  with  a  dye  laser  we  detected 
upconverted  emission  .^'rom  the  E,  F  and  J  level?,  at  545  'Z — >2),  485  (F — >Z) 
and  416  nm  (J — >2)  respectively.  The  sample  exhibited  bright  green 

fluorescence  visible  to  the  naked  eye  even  for  30  mW  of  input  laser  power.  A 
plot  of  signal  intensity  versus  laser  power  exhibited  a  gradient  of  1.5  when 
*  the  laser  beam  was  focused  in  a  narrow  region  in  the  material  and  a  value  of 
1.8  for  a  broad  focus.  This  is  a  clear  indication  that  excitation  is  getting 
saturated.  A  step-wise  excitation  of  the  type  2 — >D — >P,Q  or  a  direct 
two-photon  excitation  is  not  possible  because  no  emission  was  observed  from 
energy  levels  higher  to  the  J  state.  In  fact  the  levels  M,  N,  P  and  Q  were 

13 

known  to  emit  in  LaF^  host.  For  the  same  region  a  step-wise  excitation  t rom 
either  the  B  or  the  C  levels  was  also  ruled  out.  However,  the  640  nm  laser 
photon  is  resonant  with  2 — >D  and  A — >J  transitions.  F  and  E  levels  w:’re 
populated  in  cascade  by  phonon  emission  from  the  J  state  and  emit  blue  and 

green  light.  This  suggests  that  sequential  two-photon  excitation  is  the 


dominant  mechanism  in  upconverting  the  excitation  energy.  We  es'-imated  the 

energy  upconversion  efficiency,  tj  into  the  F  state  using 

T)  =  upconverted  signal  intensity/absorbed  light  intensity  (!J 

The  upconverted  signal  intensity  is  estimated  by  comparing  it  with  the 

directly  excited  emission  intensity  from  the  F  state.  For  direct  excitation 

its  quantum  efficiency,  t)  is  given  by 

q 

Ti  =  emitted  light  intensity/absorbed  light  intensity  =  t  /t  (2) 

q  exp  rad 

where  t  and  t  are  the  radiative  and  experimentally  measured  lifetimes 

rad  exp 

of  the  F  state.  The  quantum  efficiency  of  the  F  state  is  0.85  and  was 

13  3 

obtained  from  the  estimates  of  its  radiative  and  nonradiative  rates. 

Absorbed  light  intensity  was  determined  from  the  measured  incident  light 

intensity,  absorption  coefficient  and  absorption  pathlength  in  the  sample. 

On  substituting  for  these  values,  the  upconverted  efficiency  is  found  to  be 

~5.7xl0*^  This  efficiency  is  much  higher  than  the  values  obtained  in  other 

systems?" 


Rate  equations 


Let  N  , 

0 

N  ,  N  and  N  represent  populations  in 
12  3  ^ 

the 

ground 

(Z), 

intermediate 

(A),  resonantly  excited  (D),  and  upconverted 

(FI 

states 

respectively 

respectively. 

These  states  are  also  represented  by  I0>. 

Under  steady  state  excitation  conditions 

1  1>, 

I2>  : 

d  1  3> 

N  =  0  =  N  A 

2  0  02 

I  -  N 

0  2  2 

(3) 

N  =  0  =  N  cr 

1  2  21 

-  N  T  '  -  N  A  I 

11  1  13  0 

i  4  ! 
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N  =  0  =  N  A  I 

3  1  13  0 


N 

3  3 


(5) 


where  x^,  and  are  the  relaxation  rates  of  the  states  !1>,  1 2>  and 

1 3>  respectively  and  A  is  the  transition  rate  from  level  i  to  j.  cr  is 

i  j  ^  i  j 

the  nonradiative  relaxation  rate  from  level  i  to  j.  A  solution  of  the  rate 


equations  yields 


N  =  N  A  A  I^T  0-  /  (A  I  +t'^)  t  ' 

3  0  02  13  0  2  21  13  0  1  3 


(6) 


Since  the  upconverted  emission  intensity  is  proportional  to  the  population  in 
the  F  state,  N^,  equation  (6)  predicts  that  the  upconverted  signal  should 
vary  linearly  with  ground  state  population/  ionic  concentration  and 
quadrat ical ly  with  the  incident  laser  power.  Our  measurements  of  upconverted 
signal  intensity  as  a  function  of  concentration  and  laser  power  supports  this 
model.  However,  the  gradient  in  the  signal  versus  laser  power  is  less  than 

*  two  because  of  the  saturation  of  excitation  due  to  long  lifetime  of  the 
intermediate  level  I  1>  (~5  msec)  and  high  pump  rate  from  the  the  ground 
state.  The  oscillator  strength  of  Z — >B  is  about  twice  that  of  A-->J.  Then 
the  rate  limiting  process  in  the  excitation  mechanism  is  the  absorption  of 
the  second  photon.  Hence  the  measured  power  dependence  deviates  from 

\  3 

quadratic  dependence.  Since  the  D  and  A  states  possess  long  lifetimes  and 
there  exists  energy  gap  overlaps,  an  energy  transfer  upconversion  interaction 
described  by  the  following  equation  is  also  possible. 

ion  (D)  +  ion  (A)  - >  ion  (J)  +  ion  (Z)  (/) 

Two  ions  in  the  excited  D  and  A  states  undergo  energy  transfer  Interaction 
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causing  one  ion  to  excite  to  the  J  state  and  simultaneously  relaxing  the 
other  ion  to  the  ground  state.  Z. 

Conclusions 

Our  studies  on  LaF^:Ho^*  indicate  that  sequential  two-photon  excitation 
is  the  dominant  mechanism  in  upconverting  energy.  The  upconversion 
efficiency  is  found  to  be  ~0.06%.  We  believe  that  this  material  will  be 
useful  to  develop  an  efficient  upconversion  laser  to  operate  at  room 
temperature. 

This  research  was  supported  by  U.S.  Air  Force  grant  #  AFOSR~90-0150  and  NASA. 


Figure  Caption 

Fig.l;  Partial  energy  level  diagram  of  Ho^*  in  LaF^. 
640  nm  laser  excitation  and  the  resulting  emission. 
800  nm  laser  excitation  and  the  resulting  emission. 
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About  300  transitions  have  been  recorded  in  the  optogalvanic  spectrum  oi  neon  in  the  visible  wavelength  region  AlO-n'O  nm 
by  axially  irradiating  a  hollow  cathode  discharge  with  an  cxcimer  pumped  dye  laser.  Several  weak  lines  have  been  recorded 
including  the  632.8  nm  neon  laser  wavelength.  Temporal  evolution  of  the  optogalvanic  signals  was  studied  at  several  wavelengths 
An  explanation  is  given  for  the  occasional  absence  of  correlation  in  intensities  observed  in  optogalvanic  eiTect  with  those  mea¬ 
sured  in  emission.  An  explanation  is  also  given  for  the  voltage  dependent  polarity  change:  of  optogaK  antc  s'jnals  Energy  transfer 
collisions  were  also  detected  in  iron-neon  discharge. 


1.  Introduction 

In  tunable  laser  spectroscopy  dye  laser  wave¬ 
lengths  should  be  measured  very  accurately.  Opto¬ 
galvanic  (OG)  effect  is  a  convenient  technique  in 
which  the  accuracy  in  the  estimation  of  wavelengths 
is  limited  by  laser  linewidths  [1-4].  The  optogal¬ 
vanic  spectrum  is  similar  to  the  excitation  spectrum 
and  probes  the  population  in  the  excited  levels.  The 
neon  atom  has  dense  energy  level  structure  and  in  a 
discharge  electrons  exist  in  several  higher  levels,  up 
to  an  energy  ~  20  eV  [5 1  and  as  a  result  the  ls„  lev¬ 
els  and  to  some  extent  2p„  levels  are  populated.  Hence 
the  OG  spectrum  resembles  the  emission  spectrum 
more  than  the  absorption  spectrum.  Commercial 
hollow  cathode  lamps  are  filled  with  a  buffer  gas  like 
neon  and  hence  they  are  easily  available.  To  cali¬ 
brate  any  dye  laser  wavelength  it  is  useful  to  have  a 
standard  spectrum  in  the  whole  visible  region. 
Though  the  neon  spectrum  covers  the  whole  visible 
region  it  is  not  clear  whether  all  of  it  can  be  excited 
in  OG  effect  because  most  of  the  published  work  was 
limited  to  the  wavelength  region  565-740  nm  (6) 
and  there  was  no  report  of  the  spectrum  in  the  region 
less  than  560  nm  except  for  two  photon  absorption 
[7],  There  are  numerous  investigations  on  the  neon 
OG  spectrum  but  most  of  them  were  to  understand 
the  effect  itself  and  were  limited  to  the  region  cov¬ 
ered  by  the  Rh6G  dye  laser.  .Also  there  has  been  some 


confusion  in  the  assignment  of  optogalvanic  signal 
polanty/activity  [  8.9 )  and  it  also  changed  from  pos¬ 
itive  to  negative  in  some  cases  when  the  discharge 
voltage  was  vaned.  No  signals  of  the  group  2p,-3St 
were  detected  in  the  past  [9).  Some  of  the  strong 
emission  spectral  lines  were  found  to  be  either  too 
weak  or  absent  in  OG  effect  ( 10).  So  we  reinvesti¬ 
gated  the  OG  effect  in  neon  to  address  these  prob¬ 
lems  and  recorded  about  300  transitions  in  the  re¬ 
gion  410-670  nm.  .A  discussion  is  also  presented  on 
the  voltage  dependent  polarity  changes  of  optogal¬ 
vanic  signals  and  a  technique  to  record  a  large  num¬ 
ber  of  spectral  transitions  in  OG  effect  is  desenbed. 


2.  Experimental  details 

Four  commercial  hollow  cathode  lamps  having  B. 
Fe.  Hg  or  U  for  cathode  element  and  filled  w  ith  neon 
buffer  gas  were  used  in  this  study.  An  excimer 
pumped  dye  laser  was  used  to  excite  the  discharge 
and  a  boxcar  integrator  was  used  to  process  the  sig¬ 
nals.  .A  full  desenption  of  the  experimental  details 
and  the  wavelength  estimation  procedures  were  given 
elsewhere  (4.1 1  ]. 
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3.  Identirication 

The  ground  state  configuration  of  neon  atom 
ls-2s'2p'’  gives  the  term  'Sq.  The  excited  states  foi- 
low  neither  LS  coupling  nor  jJ  coupling  but  obey  the 
intermediate  coupling  suggested  by  Racah  [12],  Un¬ 
der  the .//  coupling  scheme  the  excited  configuration 
ls-2s-2p^3s  gives  the  terms  3s(3/2I2,  3s{3/2!l. 
3s  ( 1  /2  ]  1  and  3s'  ( 1  /2  ]0  where  the  number  inside 
the  brackets  is  one  of  the  vector  sum  values  of  the 
ionic  J  and  /  value  of  the  excited  electron.  A  prime 
IS  used  to  identify  the  terms  generated  from  the  tonic 
J  value  of  1/2.  The  spin  of  the  excited  electron  is 
coupled  with  this  J  value  of  the  ionic  core  to  generate 
the  total  J  value  and  is  given  outside  the  brackets.  In 
Paschen  notation  these  levels  are  designated  Is, 
(Where  /i  =  2-5).  Similarly  the  excited  configuration 
ls-2s-2p^3p  generates  the  terms  3p[5/2]3.  3p[5/ 
2]2.  3p(3/2]2,  3p(3/2]l.  3p(I/211.  3p(l/2IO. 
3p  [3/212.  3p'(3/211.  3p  [1/211  and  3p  (l/2]0. 
These  levels  are  termed  2p,  (where  n=l~10)  in 
Paschen  notation,  and  the  n  value  decreases  for 
higher  energy  levels. 


4.  Results  and  discussion 

In  the  absence  of  laser  pulse  there  exists  equilib¬ 
rium  in  electron  distribution  of  various  levels  and  a 
•  *  steady  discharge  current  flows.  Dunng  the  laser  pulse 
some  of  the  electrons  are  transferred  to  higher  levels 
thus  the  electronic  population  deviates  temporarily 
from  the  steady  state  equilibrium  value.  In  between 
laser  pulses  the  electronic  population  redistributes  to 
reach  the  steady  state  value.  This  affects  the  ioni¬ 
zation  rate  and  hence  the  discharge  current  varies. 
The  Is:  and  IS4  levels  of  neon  radiate  with  lifetimes 
[13]  of  2  and  32  ns  and  Is,  and  Is,  are  metastable 
with  lifetimes  of  several  seconds  [14].  The  lifetimes 
of  2p„  levels  are  «  10-25  ns.  Normally  electrons  in 
the  metastable  levels  tend  to  get  ionized  and  con¬ 
tribute  to  the  discharge  current.  When  such  electrons 
are  excited  to  higher  levels  (say  2p„)  the  latter  may 
be  strongly  radiating.  In  such  a  case  the  electrons 
which  otherwise  were  contributing  to  the  discharge 
current  are  no  longer  available  and  hence  the  dis¬ 
charge  current  decreases  or  the  discharge  imped- 
ance/voltage  increases.  When  laser  excites  electrons 
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from  the  radiating  levels  10  much  higher  levels  ihe 
ionization  rate  increases  because  less  energy  is  re¬ 
quired  to  ionize  and  a  large  number  of  elecirons  hav  e 
sufficient  energy.  In  such  cases  the  voltage  drop  across 
the  discharge  tube  decreases.  The  maximum  voltage 
change  detected  by  us  in  OG  experiment  was  <  1  V 
for  a  discharge  voltage  of  <  500  V  and  current  of  <  10 
m.A.  The  electron  redistribution  process  during  the 
absence  of  laser  pulse  refiects  on  the  temporal  evo¬ 
lution  of  the  OG  signal  and  it  has  been  successfully 
explained  by  a  rate  equation  model  given  by  [15] 

Al'fr)  =  -const,  [a,  exp(  -r/r.)  -u,exp(  -r/r, )  ] 

( 1 ) 

where  Af'(/)  is  the  amplitude  of  the  signal,  r,  and  r, 
are  collisional  relaxation  times  of  the  levels  1  and  2 
coupled  by  the  laser  and  u,  and  j;  are  their  respec¬ 
tive  ionization  rates  (ajxz,)-  For  r,  *  r.,  eq.  (I) 
predicts  a  negative  signal  whenever  excitation  takes 
place  from  radiating  levels  such  as  2p„  (e.g.  576.5 
nm).  and  the  signals  lasted  for  less  than  6  ps.  For 
excitation  from  Is,  (n  =  3.  5),  ri>T:.  eq.  (1)  pre¬ 
dicts  a  signal  that  decreases  first  and  later  on  in¬ 
creases  above  the  steady  state  value  and  finally 
reaches  the  equilibrium  value  in  about  100  ps  and 
the  length  of  time  depended  on  the  probability  of  the 
transition  coupl''d  by  the  laser.  The  reverse  type  of 
situation  occurs  for  excitation  from  Is;  to  2p,  levels 
(e.g..  585.2  nm  connects  ls>  to  2p,  and  is  strongly 
allowed)  r,  <r,  and  population  inversion  exists  be¬ 
tween  the  levels  coupled  by  the  laser  [11.16],  For  a 
typical  pressure  of  1  Torr  the  neon  atom  concentra¬ 
tion  is  3.23x  lO^/cmA  Assuming  a  discharge  tem¬ 
perature  of  400  K  the  collisional  interv  al  is  about  8.8 
ns  among  neon  atoms.  The  excited  electron  can  also 
relax  among  the  excited  group  of  levels  without  ra¬ 
diation.  which  involves  rearrangement  of  electronic 
distribution.  Only  a  fraction  of  them  are  in  the  de¬ 
sired  excited  level  and  more  over  every  collision  need 
not  be  effective  in  energy  transfer.  Hence  there  is  no 
surprise  in  finding  the  collisional  effects  after  a  few 
microseconds  though  the  laser  pulse  is  m  nanose¬ 
conds.  The  concentration  of  sputtered  atoms  is  sev¬ 
eral  orders  less  than  that  of  neon  and  ihe  former  also 
infiuences  the  discharge  characteristics.  Such  effects 
are  revealed  at  longer  times  in  the  lemporal  evolu¬ 
tion  of  OG  signals  at  specific  wavelengths.  The  sig- 
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nal  processing  electronics  will  also  introduce  distor¬ 
tion  in  some  cases. 

About  300  transitions  have  been  recorded  in  the 
region  410-670  nm  and  a  majority  of  them  have  been 
identified  (see  table  1  )  and  all  agree  within  the  ex¬ 
perimental  errors  with  those  listed  by  Singanov  and 
Sveniitskii  [17],  In  some  cases  the  errors  are  more 
than  the  laser  linewidth  because  of  the  uncertainties 
involved  in  the  measurement  of  spectral  positions. 
The  spectrum  is  mainly  due  to  the  following  groups 
3s— 3p,  4pand  3p— ns.  nd  where  n>  4  and  ns  and  np 
are  the  excited  states  of  the  atomic  neon  (Racah's 
notation ).  Several  weak  transitions  are  not  included 
in  the  table.  Ionization  potentials  of  neutral  and  ion¬ 
ized  neon  are  respectively  21.6  and  41.07  eV.  Hence 
in  OG  effect  ionic  transitions  are  not  expected  be¬ 
cause  discharge  electrons  do  not  have  enough  energy 
to  produce  doubly  ionized  neon.  But  some  of  the 
wavelengths  are  close  to  the  ionic  transitions  and  are 
identified  with  an  Transitions  identified  with 
■  were  observed  in  two  photon  measurements  in 
OG  effect  [7].  Transitions  identified  with  ■‘  +  ’'  were 
reponed  in  MIT  wavelength  tables  [18]  but  not 
identified.  The  remainder  of  the  transitions  could 
arise  from  impurities  present  in  the  cathode  material 
and  as  we  are  not  interested  in  analyzing  them  they 
are  not  identified. 

In  waVelength  spectral  recordings  the  boxcar  gate 
duration  and  delay  are  preset  and  the  laser  frequency 
IS  tuned  to  cover  the  desired  region.  .A  typical  spec¬ 
trum  is  shown  in  fig.  1  of  the  region  600-640  nm. 
The  spectrum  recorded  by  Nestor  is  shown  in  fig.  Ic 
and  in  that  some  peaks  point  upward  and  the  others 
downward.  Accordingly  the  wavelengths  were  char¬ 
acterized  to  have  either  positive  or  negative  poiarity. 
In  our  recordings  of  the  OG  spectrum  for  the  same 
wavelength  region  all  the  peaks  appeared  upward 
when  the  gate  was  delayed  to  2.2  ps  (fig.  la).  So  our 
measurements  contradict  the  earlier  work  [8].  To 
understand  this  behaviour  temporal  evolution  has 
been  studied  for  all  these  transitions.  The  signal  at 
630.5  nm  is  predominantly  negative  and  reached  the 
steady  state  value  in  about  10  ps.  The  signals  at  607  5. 
609.6.  614.3.  616.5,  621.8,  626.7  and  633.4  nm  are 
initially  negative  peaking  at  —2.5  ps.  followed  by  a 
broad  positive  signal  peaking  at  ==  20  ps  and  finally 
reached  the  stead''  s?a*e  '/■’lue  i'l  ahout  I^^FI  us  Hence 
when  a  gate  of  0.5  ps  m  duration  was  delayed  to  3 


ps  to  sample  from  the  negative  portion  of  the  OG 
signal  all  the  peaks  appeared  downwards  (fig,  lb). 
When  the  gate  was  delayed  to  22  ps  to  sample  from 
the  positive  portion  of  the  signals  all  of  the  peaks  ap¬ 
peared  upwards  ( fig.  la ).  But  the  signal  at  630.5  nm 
decayed  in  about  10  ps  and  hence  is  absent  in  fig.  la. 
If  the  gate  is  delayed  to  an  intermediate  value  of.  say 
-  5  ps  some  of  the  peaks  would  appear  upward  and 
some  downward  similar  to  the  observation  made  in 
argon  (4}  and  neon  (19).  The  spectra  recorded  by 
Nestor  [8]  (see  fig.  Ic),  Bridges  [9]  and  several 
others  are  of  this  kind.  .Also  if  the  gate  is  such  it  sam¬ 
ples  equal  portions  of  the  negative  and  positive  sig¬ 
nals  then  the  peak  is  absent  at  its  expected  location 
though  its  emission  probability  is  high.  When  the 
discharge  voltage  is  increased  the  negative  and  pos¬ 
itive  signals  grow  unequally  and  the  signals  change 
polarity  with  the  discharge  current.  A  detailed  ex¬ 
planation  of  this  effect  was  given  elsewhere  [20]. 
Transition  probabilities  for  630.5  and  612  8  nm  ( IS4 
to  2p5.6)  are  too  weak  when  compared  to  those  of 
other  wavelengths  (18).  As  a  result  very  few  elec¬ 
trons  are  excited  and  hence  the  amplitude  of  OG  sig¬ 
nal  is  small  and  dies  down  much  faster.  The  signals 
having  large  transition  probability  lasted  for  longer 
time  duration.  The  signals  which  reach  equilibrium 
much  faster  than  22  ps  (e.g.,  630.5  nm)  did  not  ap¬ 
pear  when  the  gate  was  delayed  to  22  ps.  This  clearly 
shows  that  OG  activity  has  to  be  made  based  on  the 
oscilloscope  observation  but  not  on  the  wavelength 
spectrum.  With  one  preset  value  for  the  gate  position 
It  IS  not  possible  to  record  all  the  spectral  lines.  To 
record  the  missing  lines  one  has  to  vary  the  gate  de¬ 
lay  and  repeat  the  spectral  recording.  When  this  ap¬ 
proach  was  used  we  observed  seserai  of  the  weakest 
transitions  including  632.8  nm  laser  wavelength  in 
OG  effect  for  the  first  time  ( not  shown  ).  In  our  OG 
spectral  recordings  the  obsened  signal  strengths  arc 
proportional  to  the  emission  probabilities  when  the 
sample  gate  duration  and  delay  are  optimized  (and 
the  spectra  are  corrected  for  dye  laser  output  power 
variation)  with  respect  to  each  transition  and  of 
course  this  procedure  is  time  consuming.  This  pro¬ 
cedure  IS  u»vful  to  record  the  OG  spectra  of  other 
atoms  and  molecules. 
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Table  I 

Opiogalvanic  spectra  of  neon  *' 


Wavelength 
( nm ) 

Spectral  transition 

Wavelength 
( nm ) 

Spectral  transition 

7/ coupling 

7-7 

7/ coupling 

7-7 

413.11 

3pll/2]-7d'[5/21» 

1-2 

439.40 

3p[5/21-9d[5/2]“ 

416.48 

3p[l/2I-8s  [1/21» 

1-1 

3p[3/2I-IOd'(5/2I“ 

2-3.2 

416.60 

3p[l/21-8s  [1/21° 

1-0 

440.28 

3pl3/2]-lldI5/2)‘> 

2-3 

416.97 

441.23 

3p[5,'21-10s(3/21“ 

2-1 

417.14 

441.65 

3p[5/21-7d[5/2]'' 

2-5 

417.28 

+ 

442.25 

3p(l/21-6d[3/2)« 

1-2 

417.44 

3p(l/2]-8d[3/21° 

1-2 

442.47 

3p[l/2)-6d[l/21'’ 

1-1 

417.54 

3pll/21-8d(l/21° 

1-0 

442.77 

3p  [3/2]-9dl3/21‘> 

1-1 

3p(l/2|-8d(l/2|° 

1-1 

442.91 

3p[l/21-IOd  [5/21° 

1-2 

417.94 

443.25 

3p[5/2)-8d[5/2)° 

3-3 

418.53 

443.38 

3p[5/21-8d[7/21° 

3-4 

418.90 

444.02 

3p[3/2]-10d[5/21‘’ 

2-3 

419.20 

444.49 

3p  [3/2)-9d  (5/21‘' 

419.43 

445.33 

3p[3/21-9d[5/21“ 

1-2 

419.78 

3p[l/2]-9s(3/21° 

1-2 

446.10 

3p[5/21-9s[3/21° 

3-2 

419.97 

+ 

446.57 

3p[5/21-8d(5/21° 

2-2 

420.25 

3p(5/2I-10d'[5/2)° 

2-3 

446.70 

3p(5/2)-8d[7/2]‘> 

2-3 

420.57 

• 

447.52 

3p[3/2]-7d[3/21° 

1-1 

420.92 

447.58 

3p[3/21-7d[3/21‘’ 

1-2 

421,70 

« 

448.08 

3p  [l/2)-9d[5/2)° 

1-2 

421.98 

« 

448.33 

3p[l/21-7s(3/21° 

1-1 

422.54 

« 

448.82 

3p[l/2]-7s[3/21° 

1-2 

422.80 

449,19 

3p[5/21-9$(3/2)“ 

2-1 

423.45 

3p[3/21-5d[5/21'> 

2-2.3 

423.85 

450.02 

3p  [3/2]-8d[3/2)“ 

1-2 

423,97 

« 

451.15 

3p(3/21-IOs[3/2)° 

424.75 

451,49 

3pl3/2)-7d'[5/2]° 

2-3 

425.07 

« 

451.79 

3p  13/2]-8d(5/2l“ 

2-3 

425.16 

3p[5/21-12d(5/2]'’ 

3-3 

452.59 

3p[3/21-8d[5/21“ 

1-2 

425.74 

3p(3/21-IOd'(5/21'> 

1-2 

452.94 

3p[l/21-8d(3/21° 

0-1 

426.05 

3p[5/21-13s(3/2]<’ 

3-2 

453.24 

3p  [3/2]-10d[3/21° 

1-1 

426.31 

3p(5/21-13d[7/21‘’ 

2-3 

453.67 

3p[l/21-5d(3/2]° 

1-1 

426,67 

3p(l/2I-7d(5/2I" 

1-2 

453.79 

3p(l/21-5d[3/2]° 

1-2 

426.76 

3p(l/21-7d(3/2)<’ 

1-1 

453  84 

3p[l/21-5d[5/21° 

1-2 

426.85 

3p(t/21-7d(3/21‘’ 

1-2 

3p[5/21-7d[5/2)° 

3-3 

427.04 

3pll/21-7d(l/2]‘’ 

1-1 

454.05 

3p(5/2I-7d(7/21° 

3-4 

427.095 

3p[l/21-7d[l/2I'> 

1-0 

455.44 

3p  [l/2)-8d[3/2)° 

1-1 

427.48 

3p(l/21-6d(3/2lo 

1-1 

3p[3/21-9s[3/21° 

1-2 

427.58 

3p(l/2]-6dl3/2]'’ 

1-2 

455,53 

3p[3/21-8sll/21° 

2-1 

427.93 

3p(5/2I-lld(7/21‘’ 

3-4.3 

456.59 

3p[3/21-8d[5/2r 

2-3 

428.31 

3p(5/2]-12d(7/2)» 

2-3 

456.695 

3p[3/21-8d[3/2)° 

428.69 

456.79 

3p[3/21-8d[l/21° 

2-1 

428.82 

3p(5/2]-12s(3/2I<’ 

3-2 

457.29 

3p[5/21-7d(5/21° 

•>_  -I 

428.97 

3p(5/21-13s(3/2]‘> 

2-1 

457.34 

3p[5/2)-7d[3/2)° 

2-1 

429.25 

3p(3/2)-10d'(5/2]‘’ 

2-2.3 

457.50 

3p[5,'21-7d(7/21° 

430.31 

3pll/21-8s[3/21“ 

1-1 

458.24 

3p[5/21-8s(3/21° 

3-: 

430.39 

3p(3/2)-9d(5/21‘’ 

1-2 

460,40 

3p  [3/2]-9d(5/2)° 

430.62 

3p[l/21-8s(3/2)‘> 

1-2 

460.48 

3p  [3/2]-10s[3/21° 

2-3 

431.00 

3pl5/2)-lldl7/2]“ 

2-3 

460.98 

3p  [3/2)-7d[3/21° 

1-2 

431.46 

3p(5/21-IOd(7/2I“ 

3-4.3 

461.43 

3p[5/21-8s[3/2r’ 

2-1 

436,19 

3p(5/21-9d(5/2)‘’ 

3-3 

462.84 

3p  [3/2)-7d  [5/21° 

2-2,3 

Oo.o  1 

'p(5;2;  -  ICsl3/2i'' 

4-3 

■'63.01 

21'’ 
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Wavelength 

(nm) 

Spectral  transition 

Wavelength 
(nm ) 

Spectral  transition 

7/ coupling 

J-J 

Jl  coupling 

J-J 

463.66 

3p(3/2)-7d(3/21“ 

1-1 

500.52 

3p(3/21-5d  (5/2)" 

2-3 

464.10 

3p(l/21-7d  [3/2]" 

0-1 

503. 1 3 

3p(5/21-5d(5/21“ 

3-3 

464.63 

3p(3/21-6d’(3/2]'> 

1-2 

503  61 

3pl5/21-5dl3/2)" 

3-2 

465.31 

3p[3/2]-8s[  1/210 

1-0 

503.77 

3p(5/2!-5d(7/21" 

3-4 

465.61 

3p[l/21-6s'[l/21'> 

1-1 

504.28 

3p  ll/21-6d(3/2)" 

1-2 

466.46 

3p  ll/2]-10s[3/2lo 

1-2 

507.42 

3p(5/2|-5d[5/21" 

3p  (3/21-8d(3/21'' 

1-1 

507.87 

3p(5/21-5d(3/21" 

466.72 

3p  [l/2]-7d'15/2lo 

1-2 

508.05 

3p(5/21-3d(7/2)“ 

2-3 

467.13 

3p  (3/21-8s[l/2|0 

2-1 

511.39 

3pll/2]-4d(3/2)" 

1-1 

467.88 

3p(3/21-7d(5/21‘> 

2-3 

511.73 

3p(l/21-4d  [5/21“ 

1-2 

468.03 

3p(3/2I-7dr7/21“ 

2-3 

512.24 

3p  (3/21-5d  [5/21“ 

1-2 

468.18 

3p  (3/2]-8d[5/21'> 

2-3 

3p  [3/21-5d  (3/21“ 

1-2 

468.70 

3p(3/21-6d(5/2lo 

2-3 

514.49 

3p(3/21-5d[5/21“ 

2-3 

469.86 

3p  [3/2)-5dl3/21“ 

470.44 

3pll/21-5d(3/2l0 

1-2 

515.65 

3pl3/21-5d(3/2r 

1-2 

471.21 

3p(5/2J-6d(5/2)‘> 

3-3 

518.86 

3p(5/21-6s(3/21“ 

3-2 

471.53 

3p(5/21-6d(7/2lo 

3-4 

519.31 

3pll/21-5d  (3/2)“ 

1-2 

472.23 

3p  (l/21-8d(3/21'> 

1-2 

520.35 

3p(3/21-5d[5/21“ 

2-3 

472.56 

3p[3/2)-8sl3/2)‘> 

2-2 

520.83 

3pl3/21-5dl3/21“ 

474.27 

523.36 

3p[5/21-6s(3/21“ 

2_2 

475.25 

3p  (l/21-6d(7/2lo 

2-3 

527.62 

+  + 

475.82 

3p(3/21-7s(7/2l0 

2-1 

528.20 

+  + 

477.13 

529.82 

3p  (3/2)-6s  (l/2)“ 

2-1 

477.52 

530.45 

3pl3/2)-6s(3/21“ 

1-1 

477.93 

3p  [3/21-7d(5/2]0 

1-2 

531.49 

3pll/21-6s  (1/2)" 

0-1 

478.92 

3p[5/2)-75(-3/2]o 

3-2 

532.32 

479.99 

3p'(3/2]-7d(5/2l0 

2-3 

532.66 

3pll/2)-4d[3/2)“ 

1-1 

481.02  ( 

3p  (3/2|-6d  [5/2r 

2-3 

533.09 

3p{l/2)-4d(3/2)“ 

1-2 

481.39 

3p(l/21-7d(3/2lo 

0-1 

533.35 

3p  13/21-50(3/2)" 

l-l 

481.76 

3p(3/2)-6d(5/2l0 

1-2 

534.12 

3pl 1/2 1-40(1/21“ 

l-l 

482.20 

3p[5/2]-7s[3/2]o 

2-1 

534.34 

3p[l/21-4dll/21“ 

1-0 

482.71 

3p(l/2]-6s(3/2]" 

1-1 

534.94 

3p  [l/2)-6s  (1/2)" 

1-1 

483.69 

3p(l/2I-6s(3/2)“ 

1-2 

535.38 

3p  (l/21-6d[3/2)" 

0-1 

484.24 

3p  [l/21-7d(3/21‘’ 

1-1 

535.56 

3p  [l/2)-5dl5/2]" 

2_2 

3p  (l/2]-7d(3/2lo 

1-2 

3p  [3/21-50(5/21" 

2-3 

485.22 

3p  [l/21-6d[5/2]“ 

1-2 

536.07 

3p[3/21-65[3/2r 

2-1 

486.30 

3p(3/21-6dl5/2)'> 

2-3 

536.22 

3p  [3/21-50(7/21“ 

2-3 

486.54 

3p[3/2|-6d(3/21<’ 

2-2 

536.65 

3p  [3/2)-5d[l/2)" 

2-1 

488.49 

3p  [3/21-7s(l/2lo 

2-1 

537.23 

3p[3/21-6s[3/21" 

3p(5/21-5d  (5/210 

2-3 

537.50 

3p[l/21-5d(3/21" 

0-1 

492.80 

3p  (1/2 )-7s  (  1/2)0 

1-1 

538.34 

3p[l/2|-5d[l/2)" 

0-1 

493.91 

3p(3/2)-7s[3/21o 

2-1 

539  41 

494  38 

3p(3/21-7s(3/2)o 

2_2 

540.13 

3s[3/2)-3p  [1/21" 

1-0 

495.61 

3p[3/21-5d  (3/21" 

1-2 

541.02 

3p  ll/21-5d[3/21“ 

l-l 

496.23 

541.26 

3p  [l/2)-5d[3/2r 

1-2 

496.67 

541.86 

3p  [1/21-5011/21“ 

l-l 

497  40 

3p  (3/21-6d(5/2r 

1-2 

542.00 

3p  [1/21-50(1/21“ 

1-0 

3p  13/21-6d(3/2)0 

1-1 

542.68 

498  93 

543.37 

3pll/2)-5s  (1/21" 

l-l 

490  48 

3p  (3/21-6d(5/2)" 

2-3 

544  14 

499.75 

3p  (3/21-6dl3/21" 

545  40 

499.84 

3p  13/21-6d(7/2r' 

2-3 

546.10 

Hg 
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Tabic  I  (continued) 


Wavelengih 

1  nm ) 

Spectral  transition 

VVaveiengih 

{ nm 

Spectral  transition 

yZ-coupling 

J-J 

VZ-coupiing 

J-J 

549.40 

3p  (3/21-65(3/2]- 

l-l 

604.14 

3p  (1  :j-:d(3  2]'’ 

0-1 

551.13 

3p(5/21-4d  (5/2|- 

3-3 

606.38 

3pl3  21-:s  1121" 

1-0 

553.34 

3p  (3/2i-6s(3/21- 

606.91 

553,83 

3p(l/21-6s(3/21- 

0-1 

612.20 

5:5,61 

612.85 

3s(3  :r-.lp  (.3  21 

i-i 

555.89 

3p(5/21-4d  (3/21- 

2-1 

613.03 

556.28 

3pl5/2]-4d  (5/2)- 

2-3 

613  51 

3p(5/21-4d(3/21“ 

■>_■> 

613. '8 

558.57 

3p  (1/21-64(3/21- 

0-1 

614.01 

** 

558.93 

3p  [l/2]-6s(3/21- 

1 

614.31 

3sl3.21"-3pl3  21 

l-l 

565.25 

3pl3/2|-4d(3/2r 

l-l 

614  '3 

565.65 

3p(3/2)-4d  (5/21- 

1-2 

615.22 

566.26 

3p(l/2]-5s(3/2r 

l-l 

615.55 

3p  (3/21-44(3/21“ 

1-2 

568.50 

3p  (l/2I-7s(3/21- 

0-1 

616.05 

568.98 

3p(l/21-5s[3;21- 

1 

616.37 

3s  [1/21-3P  11/21“ 

0-1 

571.53 

3p(3/21-4d(3/2i- 

2-1 

616.59 

571.93 

3p(3/2]-4d(5/21- 

2-3 

617.18 

574.87 

3p(5/21-4d(5/2|- 

3-3 

617  45 

3p  (3/21-44(5/21“ 

3p(5/21-4d(5/2|- 

3-2 

617.54 

3p  13/21-44(5/21“ 

576.05 

3p(5/21-4d(3/21- 

3-2 

618.22 

3p(5/21-5S(3/2r' 

3-2 

576.47 

3p(5/2]-4d(7/2|- 

3-4 

618.31 

3p  [3/21-44(3/21“ 

2-1 

577,04 

3p  (1/21-54(3/21“ 

0-1 

618.89 

3p  13/21-4413/2]“ 

580.46 

3p(5/2)-4d(5/21“ 

2-3 

619,28 

3p  i:/2I-441'/21“ 

2-3 

3pl5/21-4d(5/21“ 

2-2 

620.30 

3p  (3/21-44(1/21- 

2-1 

581.17 

3pl5/21-4d(3/21“ 

2-1 

620.41 

581.64 

3pl5/21-4d(3/21- 

620.57 

3pll/21-4d[3/21“ 

0-1 

582.05 

3p(5/21-4d(7/2r 

2-3 

621.-3 

3s(3/21“-3pl3/21 

2-1 

582.88 

3p(5/21-4d(l/21“ 

2-1 

622.04 

585.24 

3s  (I/21--3P  (1/21 

1-0 

622.57 

3p(l  '21-4d[l  /21“ 

0-1 

586,83 

3p  13/21-4<1(3/21“ 

l-l 

624.65 

3p(5,/21-5s(3/21“ 

-6 

587.20 

3p  13/21-4d(3/21“ 

1-2 

624.96 

3p  (1/21-65(3/21“ 

0-i 

587.28 

3p  (3/21-44(5/21“ 

1-2 

625.52 

588,23 

3s(3/21--3p  (1/21 

2-1 

626.34 

589.85 

3p  (3/21-44  (3/21“ 

2-1 

626.64 

3s  1I/21-3P  [3/2]" 

'l-l 

590.31 

3p  (3/21-44  15/21“ 

2-3 

627.04 

590.64 

3p(3/21-4d(5/21“ 

1-2 

627  59 

3p  [1/21-44(1  21" 

1-0 

591.37 

3p(3/21-4d(3/21“ 

l-l 

629.01 

591.90 

3p( 1/21-44  (3/21“ 

0-1 

629,38 

3p  [3/21-5S  11,2]" 

l-l 

592,12 

3p(3/21-4d(7/21“ 

1-3 

630,19 

592.35 

+ 

630.47 

3sl3/2r’-3p[3.21 

1-2 

593.44 

3p(3/21-4d(3/2r' 

1-0 

630.73 

593  94 

3p(5/21-55  (l/2i“ 

2-1 

632.82 

3p  (3/21-5S  (1,  21" 

--i 

594.56 

3s(3/2r-3p  (3/21 

633  12 

3pl3/21-.3s(l  '21" 

l-l 

596.17 

3p  (1/21-44' (3/21“ 

l-l 

633.44 

.^s(3/21"-3p(5/21 

2-2 

596  62 

3p  (1/21-44(5/21“ 

1-2 

638.30 

3sl3/21“-3pl3'21 

l-l 

597  46 

3p(3/21-4d[5/21“ 

2-3 

640.21 

3s(3/2r'-3p[5  21 

2- ' 

597  57 

3s(3/21-3p  [3/21- 

2-1 

650.70 

3sl3/21"-3p(5'21 

1-: 

598.23 

3pl3/21-4d(3/21“ 

2-1 

653.29 

3s  ll/2r’-3p  (3/21 

0-1 

598.79 

3p(3/21-4d(3/2|“ 

659.97 

3s  [l/21"-3p  [1-2] 

l-l 

599  16 

3pl3/21-4dl7/21- 

2-3 

671.82 

3s  [l/21“-3p  [3/2] 

l-l 

’  Symbols:  +  neon  wavelengths  listed  in  ref  (20)  but  not  identified.  *  wavelengths  match  with  neon  ionic  transitions  but  ihc\  arc  not 
espccicd  10  occur.  **Two  photon  absorption  wavelengths  rcponed  in  ref  |  7  ].  -e  +  closer  to  neon  wavelengths  but  not  verv  accurate 
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Fig.  I .  Optogalvanic  spectrum  of  neon  in  the  wavelength  region  6 1 0-640  nm  obtained  for  a  gate  delay  of  ( a )  22  ps  and  ( b )  3  ps  and  ( c » 
OG  spectrum  recorded  by  Nestor  [8]  in  the  same  region.  For  comparison  two  peaks  are  identified  with  1  and  2  in  (a)  and  (c). 


5.  Energy  transfer  collisions 

A  major  factor  contributing  to  the  discharge  cur¬ 
rent  is  ionization  of  the  buffer  gas  atoms  by  electron 
impact  and  collisions  among  the  excited  atoms.  In 
addition  some  positively  charged  ions  collide  with 
the  cathode  surface  and  liberate  atoms  which  form 
minor  constituents  of  the  discharge  species.  Some  of 
the  excited  buffer  gas  atoms  may  collide  with  the 
sputtered  atoms  and  cause  further  ionization  [21  ]  as 

Ne*+M-Ne-(-M"-(-e-  . 

Penning  ionization  ,  (2) 


where  M  represents  the  sputtered  atoms.  Penning 
ionization  as  well  as  buffer  gas  ionization  take  place 
at  all  currents.  Since  the  electron  concentration  is 
much  larger  than  that  of  sputtered  atoms  the  effect 
of  eq.  (2)  is  not  noticed  in  general  at  high  discharge 
currents.  An  understanding  of  such  phenomenon  re¬ 
quires  the  study  of  temporal  variation  of  OG  signals. 
We  have  systematically  recorded  the  temporal  evo¬ 
lution  of  OG  signals  by  tuning  laser  wavelength  to 
excite  several  atomic  transitions  of  Ne  in  Hg-Ne.  LI- 
Ne.  B-Ne  and  Fe-Ne  discharges.  .All  the  observed 
signals  are  in  accordance  with  eq.  ( 1 ).  The  signal  at 
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428.97  nm  exhibited  unusual  behaviour  as  b  in 
fig.2.  This  wavelength  resonantly  excites  3p(2 
l/2]2— 13s(l  1/2]1  transition  ot'Ne  (Racah's  no¬ 
tation  )  and  both  the  levels  are  radiatively  coupled 
with  the  lower  energy  levels.  Hence  the  temporal 
evolution  of  the  signal  is  expected  to  be  negative  as 
was  observed  in  Hg-Ne.  U-Ne,  and  B-Ne  dis¬ 
charges.  However  the  signal  in  Fe-Ne  discharge  ex¬ 
hibited  anomalous  behaviour.  The  signal  amplitude 
first  decreases  ( negative )  as  expected  and  then  nses 
above  the  steady  state  value  (positive)  and  finally 
reaches  the  equilibrium  value  after  33  fts.  whose  ex¬ 
planation  IS  given  below.  When  a  laser  excites  elec¬ 
trons  to  higher  levels  the  ionization  energy  decreases 
and  it  is  easier  for  a  large  number  of  electrons  to  ion¬ 
ize  neon  atoms.  As  a  result  momentarily  the  dis¬ 
charge  current  increases  first  or  the  voltage  across 
the  discharge  tube  decreases  reaching  the  peak/min¬ 
imum  value  at  about  2  ps.  At  a  later  time  the  voltage 

=  428  97  nm 


Fig.  2.  Temporal  evolution  of  neon  optogalvanic  signal  ai  428.97 
nm  obtained  in  different  discharges. 


across  the  discharge  tube  increases  because  of  pen¬ 
ning  ionization  effects.  That  is.  in  Fe-Ne  discharge 
sputtered  Fe  atoms  also  contribute  to  the  discharge 
current.  A  close  examination  of  the  energy  levels  of 
neon  and  iron  ( 22  ]  reveals  a  resonance  in  energy  be¬ 
tween  the  excited  neon  levels  3p[2  l/2]2  and  the 
ionic  levels  of  Fe  (fig.  3).  That  is  in  the  absence  of 
laser  radiation  the  excited  neon  atoms  directly  col¬ 
lide  with  ground  state  iron  atoms  and  excited  them 
to  their  ionic  levels  at  1 49  604  and  i  49  896  cm  ~  of 
the  configuration  3d'’('D)4d(y='/2.  9/2).  This 
process  also  contributes  to  the  discharge  current  and 
IS  expressed  as 

Ne(3p[2  l/2]2)-i-Fe(*D4)-Ne('So) 

+  Fe"3d''('D)4a(y=7/2. 9/2)+e-+A£.  (3) 

where  A£'=  (182.  1 10  cm" ' )  is  the  mismatch  in  en¬ 
ergy  and  is  within  the  thermal  energy  kT  which  is 
ascribed  lo  the  translational  energy  of  the  colliding 
particles.  Such  energy  transfer  collisions  are  efTicient 
whenever  the  mismatch  in  energy  is  less.  We  did  not 
find  such  matching  between  this  excited  energy  level 
of  Ne  and  with  that  of  any  other  atom  B/U/Hg.  The 
laser  pulse  of  428.97  nm  resonantly  excites  electrons 
.from  3p(2 1  /2  ]2  level  of  neon  to  higher  levels.  When 
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Fig.  3  Panial  energy  level  diagram  of  Fe.  Fe '  and  Ne  aioms. 
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electrons  from  this  level  ( \shich  oihervvise  were  used 
to  ionize  iron  atoms  I  are  excited  to  higher  levels  these 
electrons  are  no  longer  available  to  ionize  iron  at¬ 
oms.  Hence  the  discharge  current  decreases  or  the 
voltage  across  the  discharge  tube  increases  after  5  ns. 
This  explains  why  the  time  dependence  of  OG  signal 
in  Fe-Ne  discharge  is  different  from  that  obsened 
m  Hg-Ne,  G-Ne  and  B-Ne  discharges.  Our  obser¬ 
vation  clearly  suggests  that  penning  ionization  is  not 
limited  to  metastable  levels  alone  and  in  fact  de¬ 
pends  on  the  resonance  in  energy  levels  of  the  col¬ 
liding  particles.  Similar  interactions  were  observed 
in  other  systems  also  [23,24]. 
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